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Preface 


The performance of experiments and the formulation of theories play 
complementary roles in the development of physics. Only the constant inter- 
play between theory and experiment prevents the subject from falling into a 
morass of speculation on the one side, or a fruitless taking of data on the other. 
To neglect either the one or the other of these two aspects of physics is hardly 
the course of wisdom. For this reason laboratory work in a general physics course 
should be regarded as an integral part of the subject. It is highly questionable 
that a sound working knowledge of physics, or even its proper appreciation, can 
be gained by the student without some direct experience in the laboratory. The 
precise nature of this laboratory experience is another matter and depends, in 
large part, upon the objectives of the course. 

The authors, in writing this manual, have assumed that direct experience 
in the laboratory is of value to a student of physics not only because the results 
illustrate and illuminate general physical principles, but also because this pro- 
cedure introduces the student to the raw material upon which general physical 
principles are based. 

Laboratory work deals with particulars rather than with universals; e.g., 
one measures a particular length in a particular manner with a particular instru- 
ment. Whence it arises that laboratory manuals, if they are to be helpful, must deal 
with particulars, and are often criticized for being cook-books. Aside from the 
fact that there is much to be said for a good cook-book, it is clear that a laboratory 
manual must be specific where specificity is required if it is to serve any useful 
purpose for the beginning laboratory student. In this manual the authors have 
attempted to be explicit enough to enable the student to proceed with the experi- 
^ment without relying upon other aids. In this way the entire laboratory period 
is available for laboratory work, and the laboratory instructor is free to help those 
students who are in real trouble. In the more advanced experiments certain direc- 
tions are omitted since by this time the student should be familiar with basic 
laboratory procedures. 

A reasonable treatment of errors is highly important in experimental work. 
The method of error analysis used in this manual goes much further than the usual 
reliance upon significant figures alone but does not involve the use of distribution 
functions. This method permits the student to compute an error in the result in 
terms of estimated errors in the measured quantities which yield this result. 
Error calculations are called for in most of the experiments. It is hoped that 
this insistence upon error calculations will make the student ‘‘error conscious.” 

The majority of the experiments described in this manual involve only stand- 
ard equipment and are traditional in character. A few of these traditional 
experiments have been extended to show their wide applicability. For example, 
in the experiment on the gas thermometer the student not only calibrates the 
thermometer, but also uses it to measure the sublimation temperature of dry ice. 
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V x;v -.monts on tho thcrm,>coijpje. the o.^cilloscope. aiul the d-c and a-c ampli- 

ivt n me ud^ Iwaii-e of the increasing importance of these devices in 
■ *.' t and CTicineorinc. 

. - d exivTmicats in modern physics have been inehuied. Although these 

' .ire d^cult . they do not lie outside the realm of possibility in a general 

;r>4'. Two experiments on thermionics and one on the measurement of 
f ] * 70 practically t.lic ccjiiipiuent . 

_ _ ’ ' ' --ount of theory given in the iliseussion of any experiment depends to a 
~ \ ^ Its acco-Mbdity. If the theory of an experiment is readilv avail- 

. > ' V r likely to be omitted in this manual, 

the » !.or h.and. u this theory is nd readily accessible, the authors have gen- 
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Introduction 



The purpose of laboratory work in a general physics course is twofold. First it serves to exemplify 
and illuminate the physical principles studied in the classroom. But in addition to that, and of equal 
importance, laboratory work gives the student a working knowledge of some of the methods and the instru- 
ments which are used quite generally in many laboratories to solve problems of the most varied types, both 
physical and biological. 

In laboratory work it is usually necessary to transform a set of mental operations into a corresponding 
set of physical operations which can be performed in the laboratory. The correspondence is seldom, if ever, 
perfect. As a result, errors creep into the set of physical operations and must be taken into account. One 
not only wishes to know the magnitude of a physical quantity determined in the laboratory. One also 
desires to know with what accuracy the quantity has been determined, e,g,^ the value of the quantity may 
be accurate to within 1 part in 1000 (0.1%), 1 part in 100 (1.0%), or 1 part in 10 (10%). Whatever the 
error may be, it is generally necessary to know, at least approximately, what it is. Hence one of the impor- 
tant things to be learned in the laboratory is how to make reasonable estimates of the errors involved in any 
physical measurements and how to handle the propagation of these errors, z.e., to know how these errors 
affect the final result in an experiment. For this reason the following section on errors is included in the 
introduction. 

A. ERRORS 

1. Indeterminate or Accidental Errors, These errors are inherent in practically all measurements. They 
arise because of uncontrollable conditions affecting the observer, the measuring device, and the quantity 
to be measured. On the basis of probability it is assumed that these errors are as likely to be positive as 
negative, and more likely to be small than large. Hence their effect may be minimized by taking a number 
of measurements of a given physical quantity and using the arithmetic average or mean of these values in 
any computation. 

The precision with which a physical quantity has been measured depends upon the spread of the set of 
measurements about their mean value. If the separate measurements are widely dispersed about the mean, 
the precision is small; whereas if the dispersion of the separate measurements is small, the precision is large. 
There are many methods of estimating the spread of a set of measurements about the mean value. In 
general one usually determines the deviations of the measured values from the mean value and then uses 
some function of these deviations to represent the spread, and hence the precision of the set of measure- 
ments. Unfortunately many of these methods involve considerable computation and are based upon 
assumptions which are seldom satisfied in the general physics laboratory. A simple but effective measure 
of the spread of indeterminate errors in the measurement of a quantity is the average deviation from the mean. 
Thus if a given quantity is measured several times and the mean value of these measurements is computed, 
then the indeterminate error may be represented by the average difference between the mean value and the 
measured values without regard to sign. For example, suppose that four measurements of a length yield, 
in centimeters, 7.65, 7.61, 7.66, 7.68. The mean value is 7.65. The deviations without regard to sign 

are 0 . 00 , 0.04, 0.01, 0.03. The average deviation from the mean is 0.02. If this average deviation is first 
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>u}itr;)ctoil from, ami then added to. the mean value, an interval is defined f7 6.S to 7 R7'i V.- v, 

n.e l.,.„val l„„ 7.6, „.,d 7.68 lie elide The intrval Tnltn ‘ T -d He within 

>■> a > t o include pract icall y all of the measured values. This can ienerrily be d^rirhyV^ ^ interval 

deviation a.s a measure of the indeterminate errors. The "terval in th^^^^^^ 

7.63 = 0.04 and includes all of the measured values. " 

Any measured value v-hose deviation from the mean is more than four times the average deviation 
should be viewed with suspicion. It should probably be discarded and a new measurement taLn 

In some experiments it is impossible to repeat a measurement. In this case it is impossible t^ use the 
method descnbed abov^ to estimate the error; but some estimate of the error should be Lde nevertheless 

melsuHng de^dee! (frequently one-half) of the smallest division of the 

Frequently a set of measurements has to be taken in an experiment under a prescribed condition It 
may be difficult to judge exactly when this condition is satisfied. In this case it may be necessary to vary 
the physical quantities which produce this condition and to note how much each may be varied without 
appreciab ^ altering the prescribed condition. This variation may be used to determine the error 

Fmally,. the measuring devices (meter stick, voltmeter, etc.) are not perfectly accurate even if one could 
make an exact readmg with them. The manufacturer usually guarantees a certain specified accuracy in the 
measuring device: for example, a particular type of voltmeter may be guaranteed to give readings which are 
accurate to at least ± 1 % of full-scale reading. If this instrument is used to make a voltage determination, 
a possible error of at least ± 1 % may be introduced. In a sense such an error as this is not strictly indeter- 
mmate for it could be determined and eliminated by calibrating the voltmeter. Such procedure, however 
IS the exception rather than the rule in the general physics laboratory. Consequently such instrumental 
errors are usually regarded as indeterminate in the sense that they could be reduced by using several instru- 
ments of the same tj-pe to make a measurement rather than just one instrument. In taking an average, 
these instrumental errors would tend to balance out. 


2. Determinate or C onstant Errors. Determinate errors occur in an experiment because of faulty methods, 

defecti\e measuring apparatus, or incomplete working equations. They are definite in sign and magnitude 

and cannot be reduced by taking the average of a number of measurements because the same error is included 
in each measurement. 

These errors are often more important than the indeterminate errors. They may be reduced by modify- 
ing the method, calibrating the measuring apparatus, or changing the working equations. These procedures 
are generally described as “corrections^* which are to be made in performing an experiment. For example, 
the reading of a micrometer caliper may not be zero when the jaws are in contact. This so-called zero error 
must be corrected for in using the instrument; otherwise all measurements made with the caliper will be in 
error by a determinate amount, the zero error. 


3. The Error Interval, The determination of a physical quantity that is directly measurable, such as 
the length or diameter of a cylinder, involves the use of a set of equipment and a set of operations. By 
means of these one expects to be able to assign a numerical value to the quantity being measured. As has 
been pointed out, there is usually an element of uncertainty about the numerical value. One attempts to 
indicate the amount of this uncertainty by means of an error interval. This interval encloses or brackets 
the value assigned to the physical quantity and gives an indication of the accuracy of the measurement. 
The size of the interval is estimated by the observer on the basis of the type of equipment and operations 
used in making the measurements. Experience plays a large part in making a suitable estimate of the error 
interval. Beginners in laboratory work are generally inclined to underestimate the size of this interval. 

It is practically impossible to establish general rules for estimating the size of the error interval, since 
the interval depends primarily upon the specific set of equipment and operations actually used in making the 
measurement. Perhaps the most that can be said about the error interval in any direct measurement is 
that it should be chosen large enough for the observer to be fairly confident that a more accurate measure- 
ment would fall within the interval, and small enough to reflect the accuracy of the measurement actually 
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made. Beyond this it is diflScult to go without entering into statistical arguments that lie outside the realm 
of this discussion. 

The results of a direct measurement of a quantity may be expressed in the form X. i A^Y. JY represents 
the assigned value of the quantity (usually the mean of several measured values). AJT represents the half- 
width of the corresponding error interval. 

It is often convenient to express the error AX as a fraction or as a percentage of A . Thus AA /A is the 
fractional error in X and 100 AX/X, the percentage error. It is assumed that AX/X <3C 1. Hence the 
number of figures used in denoting an error is usually one, or at most, two. 

4. Propagation of Errors. The experimental determination of some physical quantity such as density 
or volume is seldom obtained by direct measurement. Usually the quantity to be determined is related 
in some known manner to one or more measurable quantities. The procedure, of course, is to measure the 
latter quantities and thence to compute the former by means of the known relation. For example, the 
volume of a cylinder may be computed if its length and diameter are given. These latter may be measured 
directly. Now each of the measured quantities has an error interval associated with it. These error 
intervals determine the error interval of the computed quantity. It is important to know how to make this 
determination of the propagation of errors. 

Suppose that the quantity R to be determined is related to two (for simplicity) measurable quantities 
X and Y by means of the equation 

R =/(X, F), (1) 


where / is a known function of X and F. If X and F are measured, then R may be computed by means of 
Eq. (1). But the values of X and F are uncertain and these uncertainties are represented by the errors 
±AX and +AF. In order to obtain the uncertainty or error in R which we represent by the symbol +A/J, 
we vary X and F by amounts ±AX and ±AF and compute the corresponding variation +A/J in R. On 
this basis the meaning of Ali is just this; If the *^true” value of the first measured quantity lies somewhere 
within the interval X + AX, and the “true’’ value of the second measured quantity lies somewhere within 
the interval F ± AF, then the “true” value of the computed quantity will be somewhere within the interval 
R ± AR. Note that the converse of this is not necessarily true. 

There are two different methods by which A/i may be computed. One method is simply to compute 
the values of the function in Eq. (1) for the four sets of arguments: 


X + AX, F + AF: 


AX 




The difference between the largest and smallest values of the function for these arguments will be 2A/?. 
This method, while always legitimate, is often tedious and cumbersome. The computations must be made 
with extreme care since 2Aii is the difference between two nunibers that are almost equal. Any mistakes 
in computation will very likely be fatal to the success of this method. 

The second method, the one customarily used, is more direct in the sense that it gives AR at once in 
terms of AX and AF. It is based upon the use of differential calculus applied to equation (1) and leads to a 
few simple rules for computing AR in terms of AX and AF, The basis for these rules is given in the next 
paragraph. Students who are not familiar with differential calculus may skip the following paragraph. 


The determination of AR for given values of AX and AF is most directly effected by taking the differential of 
Eq. (1). This gives 



The differentials in Eq. (2) may be replaced by the errors AR, AX, and AF, provided these errors are small enough to 
justify neglecting terms of higher order than the first. With this limitation in mind, we mav write 
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Ad 


Percentage error in d : X 100 = 0.4 % 


AF 


Percentage error in F: -rpr X 100 = 3 X 0.4 = 1.2% 


Error in F : AF = 3 cm® 

Volume of sphere: F = 234 + 3 cm® 


5. Propagation of Determinate Errors. The rules for the propagation of determinate errors are based 
upon the same analysis as those for indeterminate errors. However, in this case, the errors have a definite 
sign which must be taken into consideration in combining errors. 


6. General Example. Suppose we wish to compute the density Z) of a metal cylinder from measurements 
of its mass m, its length I, and its diameter d. At the same time we wish to compute the error in D due to 
errors in the measured quantities m, I, and d. We know that the density (mass per unit volume) is given 
by the equation 



In order to obtain the corresponding error equation we take the differential of the logarithm of Eq. (6) and 
get 


AD 

D 




This Eq. (7) shows us exactly how the errors Am, Ad, and Al combine to give the error AD. If the errors 
are determinate (have a definite sign), then Eq. (7) is used as it stands. In this case it is perfectly possible 
that the errors on the right side of Eq. (7) might balance out leaving AD = 0. 

If, however, the errors are indeterminate (±), then it is clear that the signs in Eq. (7) should be chosen 

in such a manner as to give the largest value of AD. This may be achieved by simply adding the various 

error terms on the right side of Eq. (7) regardless of signs. Hence for indeterminate errors, the error equation 
may be written 


AD Am Ad , Al 

-n-=- r2-^+-j- 

Dm d I 



This is the general procedure for obtaining the indeterminate-error equation from the determinate- 
error equation. The determinate-error equation in turn can always be derived from the working equation 
by the method which we have used above. 

It is important to note that the error in a result is always a linear function of the errors in the measured 
quantities. Hence errors are not multiplied or divided, they are only added or subtracted. 

7. Significant Figures. In recording data and results it is customary to keep only those figures which 
are trustworthy and have some significance. These figures, called significant figures, are always determined 
by the amount of error in the value expressed by these figures. To illustrate the idea of significant figures 
consider the example given in 4(a). The mass of the bulb with air is given as 66.928 + 0.001 gm. There 
are five significant figures in this value, the last one, 8, being in doubt by one unit as indicated by the amount 
of error, ±0.001. On the other hand the mass of the air written as 0.246 ± 0.002 gm has only three sig- 
nificant figures, the last one, 6, being in doubt by two units. The first 0 in this value is not counted as a 
significant figure because it is put in simply to emphasize the position of the decimal point. In example 4 (b) 
the mass of the object has four significant figures, its volume also has four, but its density only has three 
significant fibres because the error in the density affects the third digit and makes it doubtful. Notice 
that the density was computed to be 8.306 but because of the error was “ rounded off ” to be 8.31. In casting 
off nonsignificant fibres, if the value of the rejected figures is one-half or greater than one-half unit in the 
last place retained, increase the last digit retained by 1 ; if it is less than half, leave this digit unchanged. 

It is clear that the amount of error in any measured or computed quantity determines the number of 
significant figures in the value of that quantity. Hence in recording the value of any quantity all figures up 
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to arul uKhul.r.g tl.o hr>t tig„ro affected by the error should be retained. For example, if the error in tb. 
va hie of a quantity is 1 ,,art in 100 it is fairly evident Uiat the number of significant figures in that 

^ ahie ^ ill never be more than three although it may sometimes be only two. Consider a 1% error in the 
'i a^uo> 0.0^4. 1 . 1 .V 1 . and O.SOi . These errors (to one place) are respectively 0.05, 0 01 and 0 1 Thus th 
values with their error.s may be ’«Titten 5.0-2 ± 0.05, 1.14 ± 0.01, and 9.8 + 0.1. Notice that the first two 
values nave tliret' significant figures although the last one has only two figures. 


I" computing with logarithms it is advisable to use a five-place table when the errors are approximately 

* .1 c. a iour-place table for errors of about 0.1%, and a slide rule for errors of about 1% Where angles 

are invoivcti. errors of 0.01. 0.1, and 1 % call for angles expressed to the nearest 1, 6, and 30 m’in, respectively 

In tv at mg a verj- small or a very large number it is customary to express it as a power of 10 The 

: und er is written as the product of two factors. The first factor contains as many digits as there are sig- 

t figures, the decimal point usually appearing to the right of the first digit. The second factor is a 

: t vr of 10. Thus the speed of light is written 2.99796 X lO^® cm/sec and implies that this speed has been 
ermiiKHl to six significant figures. 


. . i . : t 




curve. 


B. GR.4PHICAL METHODS 

Frequently the relation between two varying quantities may be clearly shown by means of a graph or 

Tilt independent \ariable is usually plotted along the axis (abscissa) and the dependent variable 
alt >1151 the } axis (ordinate). 

The choice of scales is arbitrary and should be made on the basis of convenience and completeness of 
representation. In general each scale unit should be chosen in such a manner that one-tenth of the smallest 
division on the coordinate paper represents a unit of the last significant figure of the measurement. 

It is not necessiiry that the intersection of the two axes correspond to the zero point of each scale. The 
scale values as>igned to this intersection point should be such that the curve occupies as much of the coordi- 
nate paper as possible while still satisfying the provisions of the previous paragraph. 

The experimental values obtained are represented on the coordinate paper by means of sharp dots with 
small circles drawn atiout them, 

A smooth curv'e drawn through these points as nearly as possible, so that very few points are far from the 
curve and so that there are as many points on one side of it as on the other, will graphically represent the 
observations. The exact form of the curve is a matter of judgment. An error in an observation may be 
indicatefl by the erratic location of a point. 

A title for the cur\’e should always accompany the curve. Also the coordinates along each axis should 
be labeled with a statement of the quantity plotted and the units in which it is expressed. 

A typical graph is shown in Fig. 43-9. 

C. METRIC SYSTEM 


In general all measurements in the laboratory are to be made in the metric system of units unless dis- 
tinctly required otherwise. The fundamental units of mass, length, and time in this system are the gram, 
th e centimeter, and the second. 

Upon these three fundamental units are founded the many derived units in physics, such as the dyne, 
erg. joule, watt, etc. There are also related units such as the calorie, degree centigrade, ampere, etc. These 
units are generally described in connection with the experiment in which they occur. 

A table of metric and English equivalents may be found in your general physics textbook. 

D. GENERAL INSTRUCTIONS 

1. Laboratory Materials, In addition to the laboratory manual you will need a notebook, data pad 
with a sheet of carbon paper, and write-up paper. 


2. Rides of Conduct: 

(a) Much of the apparatus is delicate and must be handled with care. The student should never try 
to operate the apparatus until the signal to proceed has been given. 
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(cl) 

(t*) 

(i) 


Breakage of any part of the apparatus always means an interruption in the experiment and a 
handicap to the group working with it* The student should examine the apparatus carefully 
before using it and should take every possible precaution to prevent injury to it. 

Should any apparatus be found in an unworkable condition or should any breakdown occur during 
the experiment, it should be reported at once to the instructor so that repairs can be made as 
soon as possible. 

Calculations and scratch work are to be done in the laboratory notebook provided by the student, 


not on the table tops. 

Each student in a group is individually responsible for the condition in which its location is left 


at the end of the period. 

Apparatus is not to be moved from one location to another without the instructor’s permission. 


3, Lab(/rat(yry Procedure, At the beginning of the laboratory period, the instructor may briefly discuss 
the nature and purpose of the experiment to be performed, the apparatus to be used, and the procedure to 

be followed. 

After this discussion the students, generally working in groups of two, perform the experiment. All 
data and notes concerning the experiment should be entered directly into the student’s notebook. The 
student should make a definite effort to record the data of an experiment in organized form, paying particular 
attention to proper significant figures and units. WTien the experiment has been completed, each student 
should have a complete record of the experiment in his notebook. The importance of having this original 
record complete in the notebook can hardly be overemphasized, since this material will form the basis of 
any laboratory report required. It may also be used in laboratory quizzes. 

Each student makes a copy (may be a carbon copy) of the original data he has recorded, including a 
list of the apparatus and apparatus numbers. The data sheet should be used for this purpose. This sheet 
is given to the instructor. 

The remainder of the laboratory period is used by the student in carrying out the calculations called 
for in the experiment. These calculations should always be made in the laboratory notebook in conjunction 
with the original data. Errors in calculations are generally inexcusable and may be largely avoided by using 
a systematic method of computation. Near the end of the period, at a signal from the instructor, the 
students clean up their location, put away their equipment, and check out. 


Experiment 1. 


Density of a Solid 



Object: To determine the density of a solid in the form of a metal cylinder. 

Apparatus: Metal cylinder, vernier caliper, micrometer caliper, trip balance. 

Theory: The density Z? of a substance is its mass per unit volume. In this experiment the density of 

the metal cylinder is determined in terms of its mass M, its length I, and its diameter d by means of the 
equation, 



The determinate error equation corresponding to Eq. (1) is 

AD __ AM Al ^ Ad 

D ~ nr ~ T ~ 


For the method of obtaining this equation and its use see the Introduction, A-6. 


Method: Make five determinations of the mass (gm) of the cylinder by “weighing” it on a trip balance. 
Shift the position of the cylinder on the pan of the balance after each weighing. The scale on the balance 

reads directly to 0.1 gm. It is not necessary to attempt a reading more accurate than one-half this smallest 
division. 

Measure the length (cm) of the cylinder five times with a vernier caliper to the nearest 0.01 cm. See 
Appendix II-A for the use of the vernier caliper. Place the cylinder at different positions along the jaws of 
the vernier caliper. 

Measure the diameter (cm) of the cylinder ten times with a micrometer caliper to the nearest 0.0001 cm. 
This will require estimating to tenths of the smallest division. See Appendix II-B for the use of the microm- 
eter caliper. 

Record these data in tabulated form. Compute the average values of J/, I and d: the deviations, and 
the mean deviations. Compute the density of the cylinder using these average values. Compute the 
indeterminate error in the density using as the errors in 3/, I and d either the mean deviation or one-half the 
smallest division of the measuring device, whichever is the larger. 
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DENSITY OF A SOLID 

Record: (Sample), 

Cylinder 5^40 (brass) 

Vernier caliper f5 (zero error negligible) 
Micrometer caliper jfll, zero error +0.0003 cm. 


Trial 

a 

A 

dev. 

/, cm 

dev. 

dy cm (uncorrected) 

dev. 

1 

13.70 

0 

8.99 

0 

0 . 4767 

4 

2 

13.85 

15 

8.98 

1 

0.4765 

2 

3 

13.60 

10 

8.99 

0 

0.4769 

6 

4 

13.60 

10 

9.00 

1 

0.4761 

2 

5 

13.75 

5 

8.99 

0 1 

0 . 4758 

5 

6 





0 . 4763 

0 

7 





0 . 4762 

1 

8 





0.4762 

1 

9 





0 . 4763 

0 

10 





0 . 4762 

1 

Average 

13 . 70 + . 08 

8.990 + .004 

0.4763 ±.0002 


M 13.70 i .08 gm., I — 8.990 + .005 cm., d = 0.4760 + .0005 cm (corrected). 

Note that the error in Af is taken as the mean deviation because it is larger than one-half the smallest division 

on the balance but that the errors in I and d are taken as one-half the smallest division because they are 
larger than the mean deviations. 

D = — = 4(13.70 gm) 

ndH (3. 1416) (0.4760 cm)2(8.990 cm) 

= 8.564 gm/cm^. 

D M ^ I ^ d 


= 0.006 + 0.0006 + 2(0.001) 
= 0.009. 

AD = +0.08 gm/cm®. 

Final result: D = 8.56 + 0.08 gm/cm*. 


Logs 


0.6021 

0.4971 

1.1367 

1.6776 

1 .7388 

1.6776 

0.8061 

0.9538 

0.9327 

0.8061 


QUESTIONS 

1. If the zero error in the micrometer caliper had been neglected in the sample data given in this experi- 
ment, what constant error would have been introduced into D} Is this error significant.? 

2. Determine AD from the sample data by calculating first the maximum value of D, and then its mini- 
mum value. This work must be done accurately if a satisfactory value of AD is to be obtained. Why? 

3. What error m D would have been introduced by using tt = 22/7 instead of 3.1416 in the sample given 

in this experiment? Is this error significant? What tvoe of error is it: — Hotorminat.. j._o 




Experiment 2. 


Equilibrium of Forces 



Object: To test the conditions of equilibrium for a set of concurrent coplanar forces. 

Apparatus: Force table, weight holders, and weights. The force table consists of a circular metal table 
top mounted on a vertical rod held in a tripod support with leveling screws. The rim of the circular top 
has a 360 ° scale engraved on it along which it is possible to clamp a number of pulleys. The forces are 
produced by weights attached to suspension cords which pass over the pulleys and are fastened to a small 
ring held in the center of the table by means of a pin. When the forces along the cords acting upon the small 
ring are balanced, the ring remains in the center of the table without being held there by the pin. 

Theory: A set of forces acting upon a particle will hold that particle in equilibrium provided the vector 
sum of those forces is equal to zero, i.e., provided the vectors representing those forces form a closed polygon 
when placed end to end. This is equivalent to saying that the algebraic sum of the components of those 
forces along any straight line must be zero. 

A special case of considerable importance is that of three balanced forces Fu F2, F3, as shown in Fig. 2-la. 
The angles opposite the forces Fu F2, Fz are designated as <f>u 02, 03. These forces, if in equilibrium, must 
form a closed triangle as shown in Fig. 2-lb. 




Fi 


F 


Fz 


Fig. 2-lb. 


since sin ( 180 ° — 0i) = sin 0i, etc 


sin 01 sin 02 sin 03 

This relationship is known as Lami’s theore: 
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Another form of the equilibrium condition may be obtained by resolving each of the forces into its 
rectangular components X and Y , Then the algebraic sum of the X components of all the forces must equal 
zero. Also the algebraic sum of the Y components must equal zero. Thus let 0 i, and ^3 be the direction 
angles, respectively, of the three forces Fi, F 2 , F 3 with respect to the X axis. Then the X components of the 
three forces are given by the equations 


Correspondingly the Y components are 


For equilibrium we must have 


X, 

= F, 

COS 

X 2 

= Fz 

cos 


= Fz 

cos 

I'l 

= F, 

sin 


= Fz 

sin 

Yz 

= Fz 

sin 


I A 1 + A 2 “h As 

1 1 1 H“ 1 2 + 1 3 





( 2 ) 

(3) 

(4) 


The distinct advantage of this latter form of the equilibrium condition over that of Lami’s theorem is 

that it is applicable to any number of balanced forces, whereas Lami’s theorem is restricted to three balanced 
forces. 


Methods In this experiment each student should take an independent set of data and compute results 
based on these data alone. 

Part I, Three balanced concurrent forces. Level the force table. Set three pulleys at the angular 
positions 0 — 0 , 110 , and 260 on the force table. Load the weight holders until equilibrium is achieved. 
The individual loads should not be less than 200 gm or greater than 600 gm. At equilibrium the ring will 
remain in the center of the force table even though the pin is removed. 

Friction in the pulleys often causes trouble. It may be partially avoided by raising the ring verticallv 

upward about 1 cm and then releasing it. It will oscillate up and down for a short time but should come to 

rest at the center of the table for good equilibrium conditions. The oscillations tend to relax any particular 
“set” in the pulleys. 

The errors in this experiment may be estimated in the following manner. After equilibrium has been 
achieved with the ring at the center of the table, determine the amount by which each force in turn must be 
increased in order to shift the equilibrium point about 2 mm away from the center of the table in the direction 
of the increased force. Use this amount as the error in that force. Neglect the errors in the angular settings 
of the pulleys, for these errors are at least partially accounted for by the above procedure. 

Record the magnitude of the three forces, their errors, and their angular positions. Compute the angles 

<l>u 02 , 03, and the ratios Fi/sin 0i, F 2 /sin 02 , F 3 /sin 03 as well as the errors in these ratios. Compute the 
X and Y components of the three forces as well as the errors in these components. 

Check the validity of Lami’s theorem by examining the constancy of the ratio F/sin 0 . Also check the 
validity of the equilibrium equations by adding the X components and the Y components of the three forces 
These sums will not be exactly zero but they should be less than the sum of errors in each case. 

Draw the force triangle formed by these forces on a sheet of graph paper using a protractor and a ruler. 

Choose a scale such that the force triangle covers most of the graph paper. In general the triangle will not 
be entirely closed because of the errors in the experiment. 

Part 11. Three unbalanced concurrent forces A, R, C held in equilibrium by two forces P, Q at right 
angles to each other (the rectangular components of the anti-resultant of forces A, R, C). 

Set five pulleys at the angles 90^ 160^ 240^ and 300°. Apply loads of 200 to 400 gm at each of the 
atter three angles, as the forces Ay By C. Vary P and Q until equilibrium is obtained. Make an estimate 
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of the errors in P and in Q by the method already described. Compute the values of P and Q by using the 
rectangular components of .1. B, C. Compare these with the observed values of P and Q, 

Draw to scale the force polygon represented by the observed forces A, B, C, P, Q on a sheet of graph 
paper observing the same rules as given in Part I of this experiment. 

Record: Part I , {Sample,) 

App. Xo. ^4 


Computations 


i 

1 

F, srm 

1 

e 

sin 6 

cos 6 

X, gm 

y, gm 

<l> 

sin 0 

F 

sin <l> 

1 ' 300 ± 5 

a ^ :^0 

-O.OSli 

0.996 

299 ± 5 I 

-26.2 ± 0.5 

140° 1 

0.643 

467 + 8 

i ^70 ± 5 

70® 

0.940 

0.342 

92 + 2 

254 + 5 

145° 

0.574 

470 + 9 

8 450 ± 0 

^10° 

-O.oOO 

-0.866 

-390 + 4 

-225 ± 3 

75° 

0.966 

467 + 5 

1 

Sum 

1 + 11 

3 ±8 



In the above table it should be noted that although the sums of the X components and the Y components 
are not exactly zero, they are less than the sums of the errors in both cases. Also, in the last column, i^/sin 0 
is not exactly the same for all three forces, but it is a constant within the limits of error of the experiment. 


Part II. 

Data Computations 




F. gm 

e 

cos 6 

X, gm 

sin d 

gm 1 

.4 

B 

C 

P 

Q 

1 

160° 

240° 

300° 

0° 1 
90° 





-P(calc)'= 

— Q (calc) = 


QUESTIONS 

1. Suppose that the weight holders in this experiment all have the same weight. May their weights 
be neglected? Explain. 

2. Suppose that the force table is not level but is tipped slightly around the X axis {6 — 0), i.e., the 
X axis is level but the Y axis makes a small angle with the horizontal. Which force, P or Q, in Part II of 
this experiment will be most affected; which least affected? Assume that the ring has no weight. 




Experiment 3. 


Coefficient of Friction 



Object: To determine the coefficient of friction for various pairs of surfaces. 

Apparatus: An inclined plane which may be adjusted to any angle with respect to the horizontal, and 
provided with a pulley at the upper end; various blocks and surfaces; string; weight pan and weights. The 

me ined plane is provided with three scales : one indicates its angle with the horizontal, and the others indicate 
length and corresponding height, respectively, of the inclined portion. See Fig. 3-1. 



Fig. 3-1. 


Theory: To cause one surface to move over another surface against which it is pressed, it is necessarv to 
overcome the fric^onal force which is in a direction tangential to the two surfaces and opposite to the diLc- 
lon of motion. The force required to overcome friction is found to be substantially independent of everv- 

surffer^"^^ pressing the two surfaces together) and the materials of which the 

a co^stlnr surfaces, the ratio of the force of friction and the normal force is 


N 




( 1 ) 


where F = force of friction, 

N — normal force between the two surfaces, and 
M = constant, the coefficient of friction, 

with “ H • which ate moving at a constant veiooity 

.rfz ^ independent of that velocity. It is also independent of the 

1 ° contact, provided that the area of one surface does not become so small that it begins to 
penetrate the other surface. The iatter type of friction is that which exisu between two surf "es wMar” 
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stationary with respect to each other. It is much more difficult to measure accurately than is kinetic frin 
t.on; m this experiment we shall he interested mainly in its relative magnitude, as compared with the kinetL' 

type. The following discussion refers primarily to kinetic friction Its 
coefficient depends only on the materials of the two surfaces; it is gen- 
erally less between two different surfaces than between two identical 
surfaces. 

4ATien a body moves along a horizontal surface at a constant veloc- 
ity, as shown in Fig. 3-2, the normal force on the body is equal and op- 
posite to its weight, and the force of friction on the body is equal and 
opposite to the force pulling it along. Here 



Fig. 3-2. 




L 

N 


— w 


w 


-W W 


(i) 


• p- “ V inclined plane at a constant velocity under the action of gravity, as shown 

in Fig the three forces acting on the body-its weight, the normal force, and the force of friction-are 

in equilibrium and may then be drawn to form a closed triangle as shown. This triangle and the physical 

triangle formed by the inclined plane itself are similar, since both are right triangles, and the sides of angle 6 

in one triangle are perpendicular to the sides of 6 in the other triangle. Using the proportionality of similar 
.<ides in similar triangles it is clear that 


h 

^ N b 


(3) 


rj- ^ static friction, the inclined plane is tilted to just the angle that causes the body to start 

shdmg. At the insUnt of starting, the three forces shown in Fig. 3-3 are in equilibrium, where F is now the 

force of static friction. It is clear that Eq. (3) again holds with the appropriate different values of the 
quantities substituted. 




Fig. 3-3. 



Method: Pari 1. ^^ ith the inclined plane horizontal, place the wooden block on it and load it with 

about 1 kg. Find the weight ic which will cause the loaded block to move slowly and uniformly along the 
plane, giving it a gentle push to start it. See Fig. 3-2. Determine the amount by which w may be changed 
witliout causing appreciable acceleration or deceleration. 

Repeat with loads up to 4 kg, increasing by 1 kg each time. In each case give an initial push which 
establishes as nearly as possible the same velocity as in the first case. Weigh the block itself, and use Eq. (2) 
to find the coefficient of kinetic friction in each case. Compare these results with the appropriate values 
given in Table J, Appendix III. 


Pari II. Record the value of the base h of the inclined plane triangle by noting the length of scale L 
when the plane is horizontal. Remove the weight pan and adjust the angle of the plane to the point where 
the metal block just slides down the plane without acceleration, after having been given a slight push. 
Record the angle 6 and the height h and repeat three times, recording the angles and heights. Using the 
mean value of the heights, and the value of b obtained earlier, apply Eq. (3) and find the coefficient of sliding 
friction. By use of Table A, Appendix III, find the value of tan 0, Note that this is essentially h/b, and is 

therefore an alternative method of finding fi. 

Repeat, using two other pairs of surfaces. 
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Compare these results with the corresponding values given in Table J, Appendix III* 

Part III, Adjust the angle of the plane to the point where the block just begins to slide just 

breaks away from rest), and record the angle and the height h at which this happens. Repeat three times, 
recording the angles and heights. Using the mean value of the heights, and the value of b obtained earlier, 
apply Eq, (3) and find the coefficient of static friction. 

Repeat, using the same pairs of surfaces as in Part II. 



Part IV, With the plane horizontal, attach the spring balance to 
the metal block and, varying the angle the connecting string makes with 
the horizontal (see Fig. 3-4), determine whether there is any angle <l> at 
which the force required to move the block slowly and uniformly along 

the surface is a minimum. If so, measure this angle, and compare it with the angle obtained for the same 
surfaces in Part II. 


Fig. 3-4. 


Record: Record your data and results in tabular form. 


QUESTIONS 

1. Why must the bodies move with uniform velocity, i,e.y with no acceleration, in Parts I, II, and I^ 
of this experiment? 

2. Comparing the data of Parts II and III, explain why a motorist stuck in a snowy ditch has more 
chance of getting out if he does not spin his wheels. Roughly, using your own data for the different surfaces, 
how much better are his chances of getting out by not spinning his wheels as compared to spinning? How 
much increase in traction does he get by spinning them fast as compared to slowly ? 

3. Show that the tangent of the angle indicated in Fig. 3-4 is just equal to the coefficient of kinetic 
friction. 


Experiment 4 


Falling Body 



Object: To show that the acceleration of a freely falling body is constant; to determine this acceleration: 
the acceleration due to gravity. 

Apparatus: Falling-body apparatus, waxed tape, level, steel rule. 

The falling-body apparatus consists essentially of an electromagnet free to fall vertically between guide 
rods. The electromagnet when connected to a 110-volt 60-cycle power source drives a vibratory-tracing 
element at 120 vibrations per second. When allowed to fall under these conditions the stylus of the element 

traces a wavy line (time trace) on a waxed paper held near the stylus. See 
Fig. 4-1 for a sketch of the electromagnet and vibratory-tracing element. 

Theory: Velocity is the time rate of displacement, and for straight-line 
motion is equal to the distance covered divided by the time of transit. If the 
velocity is not constant during a finite interval of time, the quantity obtained 
by such a division will be the average velocity during the interval, and thi.s may 
differ greatly from the actual velocity at any particular instant. To obtain 
such an instantaneous velocity, the ratio of distance to time must be found 
during a time interval small enough so that the velocity does not change sig- 
nificantly during the interval. Thus it is readily seen that the exact value of 
an instantaneous velocity is obtained by taking the limiting value of the ratio of 
distance to time as the time interval becomes infinitesimal. 

In such a case, where the velocity is changing from instant to instant, the 
motion is said to be accelerated. Acceleration is defined as the rate of change of 
velocity, and is, of course, equal to the amount of change of velocity divided by 
the length of time in which the change takes place. If the velocity is chang- 
ing at a uniform rate, the acceleration is constant. It should be noted that 
when the acceleration is constant, the average velocity during any interval of 
time is equal to the instantaneous velocity at the center of that interval. 

This experiment will study a particular case of uniformly accelerated mo- 
tion, that of a freely falling body, whose acceleration is that due to grav ity . A 
continuous record of the position of the body as a function of time will be made, 
and from this its velocities at various times and its acceleration may be deter 

mined. 

Method: With the carpenter's level held against one of the guide rods, 
adjust the foot screws until the apparatus is perfectly vertical. Place the level 
against the other guide rod parallel to its position against the first, and adjust 
the screws to the best average vertical position of the two rods. Turn the 1®'^® 
90” about the guide rod, and level the apparatus in this plane, again adjusting for the best average vertica 
position of the two guide rods. Great care must be taken in performing this operation smce m an apparatus 
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1.85<^ni, 
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i 


6.08 cm. 


out of plumb, the falling body would not only drag, thus giving erroneous results, but would damage the 
air cup on the bottom of the body and the plug onto which it falls. 

Inspect the apparatus, noting that the stylus is driven by an electromagnet which connects to 110- volt 
60-cps current. Since the magnet attracts the stylus twice during 
each cycle of the electric current, the frequency of stylus vibration 
IS therefore 120 cps. The magnet and stylus pivot about a vertical 
axis which permits the tension of the stylus against the recording 
tape to be adjusted. In use, the tension is set at the lightest value 
which will give a clear trace the entire length of the fall. When 
raising the body to the top, in order to avoid catching the stylus 
and bending it, the set screw which releases the magnet pivot should 
be loosened, the magnet turned with the stylus away from the paper, 
and the screw tightened. The body should be grasped by the heavy 
framework which rides along the guide rods and not by the light 
frame above the coil. 

Insert a strip of tape in the tape frame, which can be removed 
for the purpose, keeping the white side toward the stylus. Replace 
the frame, sliding it over to one side so that room will be left for 
successive readings. With the falling body in its catch at the top, 
turn on the magnet switch and release the catch. As the body 
strikes the plug at the bottom, open the switch. Bring the bodj’’ 
again to the top, remembering the precautions in the preceding 
paragraph, move the tape frame about a centimeter over, and take 
another run. In this manner, obtain four or five traces about a 
centimeter apart. 

Remove the tape from the frame and stretch it on the table. 

Select the two best traces, and, neglecting the first centimeter or two 
of the first of these, scratch a fine line across the exact center of a 
crest. Count off six more cycles, and mark with a fine line, and so 
on, until the entire trace has been marked every six cycles. (See 
Fig. 4-2.) Mark the scratches 0, 1, 2, 3, etc. Repeat with the 
second of the two best traces, making the zero mark about two cen- 
timeters lower than the original zero mark. Time will be counted 
from the instant the stylus was at the zero position; distances will 
also be measured from this point. Lay the steel meter rule on the 
tape and measure carefully (to a tenth of a millimeter) the distance 
from the zero mark to each scratch. Record these distances in the 
third column of the record. Repeat for the second trace. 

If each reading in this third column is subtracted from the fol- 
lowing reading, the differences represent the distances fallen during 
the individual 6-cycle time intervals. For instance, during the 
third time interval in the sample record, the body fell 12.80 — 6.08 
or 6.72 cm. Knowing the distance fallen and the length of time 
interval in this case one-twentieth of a second — the average velocity 
duTnng this interval is seen to be 134.4 cm/sec. Since this is equal 
to the instantaneous velocity at the center of the interval, the 
velocity is entered midway between the second and third interval marks. 

In the sample record, the difference between the velocity at the center of the second interval and that 
at the center of the first interval is 85.0 - 36.6 or 48.4 cm/sec. This change takes place in an amount of 
time equal to one interval, that is in one-twentieth of a second, so the average acceleration during this 
interval is 968 cm/sec/sec. Similarly, the average acceleration during the time from the center of the 
second interval to the center of the third is 988 cm/sec^ and so on. 


1 


Fig. 4-2. 


18 


EXPERIMENT 4: FALLING BODY 



Estimate the errors in reading the positions of the interval marks. Assume that the ermro • at. 
m ery s are negligible. From the above errors calculate the errors in the velocities and in the accel 
Note how the errors mount up as one goes from distances to velocities (first differences) and then t 
mils (secon ifferences). This is shown in the sample record and is characteristic of all differencrm^fK*!?' 
The use of significant figures alone may not exhibit this fact. For this reason one cannr^nlt T 

tV acceleration, in this experiment. However the values of the accele ° 

taut points of the experiment-to show that a freely falling body has constant accetration ^ 

e axerage xalue of g over the complete space-time interval in this experiment is simnl ii, 
change in velocity divided by the tocal time interval during which this change Takes nlace 

data and results given m^the^ sample record, this is (280.4 - 36.6) 0.25 Tr 975 cm/sec^ AlsoThetm' 

in this ax erage value is X 975 = ±6 cm/sec^. Compute the average value of g and its error from 

your data. 

The sample record shows that the same average value of 975 cm /sec* can be nbipin«^ k ■ i 
the average of the values of g given in colun.n Svl The reasonTo LTs ,ha 

the 0, 1, 2 interL marks, unorrtfM a' I o f ^ «• 

of the g-s in the fifth column deZ! „uirupu„^h: fi^ T“ t 

pendent of the intermediate values. Thi is^ anotherX^eSfX^ir^ metr 

here are methods of treating data such as these which make use of all the data In aMt' 

value. But these methods are necessarily more complicated than the one given Ind 
racy is seldom worth the added effort. ° 

Find the value of n frr.rrt tk fi * i. / distances against the times 

accurit tht the elwaW ttlf/'m v f •'*' 7“' 

/ _ n o;r _ 1 T . * Why* Also, determine the area under the v versus t eranh out to 

an initial veiocUy! tft 7: Ze” TZ th‘ “7 7 *”7 '“v 

O', ftp, at tne time t - 0. Find the value of v„ from the first graph. 

Record: (Sample). 


Trial I 


Interval 

mark 

Time, 

sec 

Total distance, 
cm 

Average 

velocity, 

cm/sec 

1 Acceleration, 
cm/sec^ 

0 

0 

0 ± 0.02 



1 

0.05 

1.83 ± 0.02 

36 .6 + 0.8 

968 + 32 

2 

0.10 

6.08 + 0.02 

1 85.0 + 0.8 

988 + 32 

3 

0.15 

12.80 +0.02 

134.4 ± 0.8 

960 + 32 

4 

0 . 20 / 

21.92+0.02 

182.4 ± 0.8 

972 + 32 

ft. 1 

5 

0.25 

33.47 ± 0.02 

231.0 + 0.8 

988 + 32 

6 

etc. 

0.30 

47.49 + 0.02 

280.4 ± 0.8 



App. No. 


Average g 


280.4 — 36.6 
0^25 


— +6 cm/sec^ 


= 975 cm/sec* 



1. Show that, in rectilinear motion of constant acceleration, the average velocity during any inter\'al of 
time is equal to the instantaneous velocitv at the center of that interval. 


2. Suppose that in this experiment the apparatus was not level but that the guide rods were perfectly 
smooth (no drag). Would this produce any error in the value of Explain. 

3. An error of 1 % in the time-interval measurements in this experiment would produce what percentage 
error in the value of g ? 


Experiment 5. 


Velocity of a Projectile 



Object: To determine the initial velocity of a projectile (1) by measurements of range and fall (2) bv 
means of a ballistic pendulum. ® 

Apparatus; Blackwood ballistic pendulum, trip balance, metric steel scale, plumb bob steel tane 
carbon paper, and a wooden box. ’ 

nroicT^il®^ ^ pendulum and a spring gun for propelling the 

projecti e. The pendulum (Fig. 5-1) consists of a massive cylindrical bob C, hollowed out to receive the 

projecUe and suspended by a strong rod K that is pivoted at its upper end at the top of a heavy support rod. 

e projectile is a brass ball B which, when shot into the pendulum bob, is held there by the spring S in 

sue position that its center of gravity lies in the axis of the suspension rod K. A brass indicator I is atUched 

to the pendulum bob C in such a way that its tip indicates the height of the center of gravity of the loaded 
pendulum. 

When the projectile is shot into the pendulum, it swings upward and is caught at its highest point bv 
means of the pawl P which engages a tooth in the curved rack R. ^ 



Fig. 5-1. 


Theory: Part /. The initial velocity of a projectile shot horizontally from a gun and allowed to fall 
freely toward the earth may be determined in terms of the acceleration of gravity, the hori 2 ontal range of 
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the projectile, and its vertical fall. In time t the projectile will fall vertically through a distance y given by 
the equation 

y = (1) 

In the same time its horizontal displacement x will be given by 

X — vt, (2) 


where v is the initial horizontal velocity. See Fig. 5-2. If we eliminate t between these two equations and 
solve for v, we get 

( 3 ) 



By means of this equation we may compute v in terms of measured values of x and y and the value of g. 



The determinate-error equation corresponding to Eq. (3) will be 


Av _ Ax 1 A?/ 

V X 2 y 



where the sign rules concerning determinate and indeterminate errors should be strictly observed. 

P art II. Another method of determining the initial velocity of a projectile fired horizontally is by means 
of the ballistic pendulum. 

Suppose the projectile of mass m and velocity v is fired into the pendulum initially hanging at rest in a 
vertical position. As a result of this collision the pendulum bob with the projectile trapped inside it is given 

a velocity V . Since momentum is conserved even for an inelastic collision such as this, the following relation 
must be satisfied: 


mv — {m + M)V. (5) 

The mass M in this equation is the effective mass of the pendulum rather than its real mass Mo since the mass 
of the pendulum is actually distributed throughout the pendulum rather than being concentrated entirely in 
the bob of the pendulum. Only in this latter case would M and Mo be the same because only in this case 
would the entire mass of the pendulum have the same velocity V, Fortunately in the apparatus used in this 
experiment most of the mass of the pendulum is concentrated in the bob so that the difference between M 
and Mo is small. The relation between M and Mo will be given later. 

The velocity V given to the pendulum bob by the impact of the projectile causes it to swing up along a 
circular arc until the center of gravity of the loaded pendulum rises to such a vertical height h that its initial 
kinetic energy is entirely converted into potential energy, z.e.. 


i{M -|- m)V^ = {Mo “b 7ii)gh. 

Here again it is necessary to make the distinction between M and Mo. 


( 6 ) 



‘>0 
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By eliminating I’ between Eqs. (5) and (6) and then solvi 


ving for V, we get 


The relation betw 


+ m){M H- m). 

een M and M, is developed in the following section (fine print) and i 


( 7 ) 


IS shown to be 


M m = {Mo + m) - ^ 

a + 6 


Since b is small compared to a, the 


vhere a and b are the dimensions indicated in Fig. 5-1. 
o {a + b) is only slightly less than unity. 

In Eq. (7) we may substitute the value of M + m from Eq. (8), obtaining 


( 8 ) 


correction factor 


„ - 4 .,, (^) 


m 


binomial ^eorern the quantity y/ a/ {a b) is approximately equal to 1 
compared to a. Hence Eq. (9) may be written as O' 4 to i 


( 9 ) 


~ hh/a, provided b\ 




a 


II 


V = 


Mo + m 


m 


f 1 — 


2a 


( 10 ) 

iwlclTr^e^ T correction due to the fact that not all of the mass of the pendulum 

Luded ^^Tenment of about 0.96 or 0.95 representing an error of 4 or 5% if the term is not 

bv determmate-error equation for this part of the experiment may be obtained in the usual manner 

smltZov^ M T (1^)' The factor in parentheses is treated as a constant since 

small errors in Mo, m, b, and a will not appreciably change this factor. Hence we get 


Ar 

V 


Mo ( LM. 


Mo + m \ J/, 


Am\ 1 

m / 2 


AA 

T 


(lOa) 


effective mass M + mof the loaded pendulum and its real mass Mo + m may be obtained 
lanetic energy of rotation of the loaded pendulum. As a result of the collision between pro- 
j e and pendulum, the loaded pendulum is given an mitial kmetic energy of rotation of amount where I is the 
momen o mertia of the loaded pendulum about its axis of suspension, and a is the angular velocity of the pendulum 
just after the collision. Now I in this formula may be replaced by {Mo + m)K\ where K is the radius of gyration of 

e oa e ^pen um about its axis of suspension. Also o) may be replaced by F/ (a + ^)> where a is the distance between 

the axis of suspension and the center of gravity of the loaded pendulum, and where h is the distance between the center 
of gravity and the center of the bob. See Fig. 5-1. Thus 


2 ^ (a + by 


( 11 ) 


The right side of Eq. (11) may be written in the form 


provided that 


i(M + m)F% 


M + m = (Mo + m) 




(a + by 


( 12 ) 


Equation (12) gives the effective mass of the loaded pendulum in terms of its real mass and the constants K, a, 
and b. The constants a and b may be measured directly. The radius of gyration K could be determined by observing 
the period of oscillation of the loaded pendulum and applying the theory of the physical pendulum. This procedure is 
hardly necessary, however, because the pendulum is manufactured in such a way that its center of oscillation (or per- 
cussion) is approximately at the center of the bob at the distance a + 5 from the axis of suspension. This means that 
this pendulum will oscillate like a simple pendulum of length a b. Hence from the theory of the physical pendulum 
K*^/a = a + 5, It follows then that the effective mass of the loaded pendulum is given by Eq. (8). 
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Method: Part /. Initial Velocity from Measuremeyits of Range andFalL Make sure that the apparatus 
is level and clamped in position on the table. In this part of the experiment the pendulum is not used and 
should be swing up onto the rack so that it will not interfere with the free flight of the ball. 

Cock the gun by placing the ball on the end of the firing rod and pushing it back, compressing the spring 
until the trigger is en^ged. Fire the gun and note the place where the ball strikes the floor. Place the 
wooden box with a carbon-paper recorder at this position. Shoot the ball five more times from the gun. 
Measure the horizontal range x of the ball along the floor from the point immediately below the projection 
point of the ball (use plumb bob) to the mean position of the points at which the ball strikes the bottom of 
the box on tli^||^or. Estimate the average deviation of these points from the mean position and use this 

as the error in 

At the same time measure the vertical fall y of the ball, making allowance for the box thickness and 
estimating the error in y. 

By use of Eqs. (3) and (4) compute the initial velocity of the ball and the error in this velocity. 


Part II, Initial Velocity by Use of Ballistic Pendulum, Release the pendulum from the rack and allow 
it to hang freely without suxinging. Without changing the spring tension in the gun, load the gun and fire the 
ball into the pendulum bob. This will cause the pendulum with the ball inside it to swing up along the rack 
where it will be caught at its uppermost position. A scale along the outer edge of the rack provides a means 
for noting and recording the position of the pendulum on the rack. To remove the ball from the pendulum, 
push it out with the finger or with a rubber-tipped pencil, meanwhile holding up the spring catch. 

Repeat this process four more times, recording each time the rest position of the pendulum on the rack. 
Determine the mean of these positions and set the pendulum at this position. Measure the height hi of 
the index point of the center of gravity above the base of the apparatus. Then release the pendulum, 
allowing it to hang in its lowermost position, and measure the height ho ot the index point above the base. 
The difference between these readings gives the vertical height h through which the center of gravity of the 

loaded pendulum is raised as a result of the collision. 

Loosen the thumbscrew holding the axis of rotation of the pendulum and carefully remove the pen- 
dulum, Weigh and record the masses of the pendulum and the ball. At the same time measure and record 
the lengths a and b of the pendulum. These distances need not be measured with extreme accuracy since 
they only appear in the correction term in Eq. (8). 

From these data calculate the initial velocity v of the ball using Eq. (8). Also compute the indeter- 
minate error in v. Compare the value of v obtained in Part II with that obtained in Part I. 

Change the spring tension in the gun and repeat both Parts I and II. 


Record: 

App. No 

Part I, 

a = Thickness of box = 


Trial 

X, cm 

Height above floor, 
cm 

y, cm 

Vu cm/sec i 

a 





b 




■ 


Part II, 

Mo - 
m = 



Trial 

hof cm 

ku cm 

k, cm 

vii, cm/sec 

a 





b 

• 





^ \ I’Mj nn \ I 


.1 


' Fi on TV 01 



01 





s ^ 



Experiment 6. 


Centripetal Force 



Object: To determine the centripetal force on a body rotating at constant speed. 


Apparatus: Centripetal-force apparatus, motor-driven rotator, weight holder and weights, extender, 
template, divider, steel rule, timer. 

The centripetal-force apparatus (Cenco) as shown in Fig. 6-1 consists of a cylindrical bob B which 
slides freely on guide rods. A spring S of adjustable tension exerts the centripetal force upon the bob as 
the apparatus rotates. This entire apparatus may be mounted in a motor-driven rotator and whirled. 
By means of a variable-speed friction drive the speed can be adjusted until the mass has moved from its 
normal position to a predetermined position at the end of the guide rods, as shown in Fig. 6-1. There it 
actuates an indicator P the point of which is near the axis of rotation and is therefore visible at any speed. 



P 



Fig. 6-1. 

The rotator (not shown) consists essentially of a large disk, driven by the motor, on which rolls a friction 
disk mounted on a spindle. The speed of the friction disk is controlled by a screw which varies the position 
of the friction disk. A revolution counter is mounted on the spindle of the friction disk. 


Theory : 
of radius r is 


The centripetal force F acting upon 
given by the equation 


a body of mass m moving with constant speed z; in a circle 

F = m — (1) 

T 


But V = 27rrn, where n = number of revolutions per second. 


Hence Eq. (1) may be written in the for: 


F = m4?7rVn^. 
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I 


II 


( 2 ) 



2 b 


1 he eorro>ponding error equation i 
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IF 

F 


, Ar , An 

■Sr + 7 + "V 


IS 


( 3 ) 

is applied to tlio bo.ly bv moanr'rf rsprb^TlJj H J j ^ by means of Eq. (2). If this force 
mined directly by loading the spring until irsiretches 

works. Notice "liow 'tL^^l^dng \TnIion and examine it carefully to see how it 

to puU the cylindrical bob out to the end of the ^ so how the indicator lever is actuated. Try 

required to do this. apparatus with your fingers. Note that a large force i 

motor. Notice A^t tliTspindle^of t^rfHctfoTXht^vh"'^! 

engage the revolution counter. Stop the motor. center of the driving disk. Engage and dis- 

the motor. SlowNTicteas^the^spIed^until^tl ^eclamp the apparatus on the rotator, and start 

arpl^a' mlu tllTo" ^IcZn'ol Trotlr's" indbsSf ' erWeaU^ed aldTn to 

Detef ^ frequently Urks^'S in tWespect!^^^'* 

revolutionTounter^over\\tnt” counting the number of revolutions with the 

f min^'^atdle^ordThTfind^ Hh disTnglgf ‘the linter^arthe end 'of 

tion Ts An " conditions. Calculate the average n for the three runs. Use the mean devia- 

down^^Tf7 apparatus from the rotator and hang it from the support stand with bob 

axi as it haTi" J"" add weights until the bob reaches the sZ distance from the 

the hob ii« If t • ~ i' ? expressed in dynes (this includes the weight of 

XV ih fl. ^ ° 1 ^ centripetal force F. The accuracy of the weights may be taken as +0.1 %. 

ith the spring extended as in the previous paragraph, measure the radius r of rotation, i.e., the distance 

from the axis of rotation to the center line on the bob. If available, use the special extender and template 
for this measurement. 

Cal^late the centripetal force F by substituting the values of n, r, and m in Eq, (2). Compute the 
error m F. ^ x / x' 

Determine the per cent diflFerence between the observed and calculated values of F, 

Change the spring tension and repeat the experiment. 
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Record: 


App. No. 


Mass of bob: 

m 

Radius of rotation: 

T 

Time interval: 

t 

Case I. 


No. of rev: 

N 

No, rev. per sec: 

n 

Centripetal force (calc) : 

F 

Centripetal force (obs) : 

Bob 


Wt holder 


Weights 


Total 


120 sec 
1st ( 

2d 
3rd 


) - ( ) = ( ) 


Ave 


= ( 
( 
( 
( 


) dyne 

) gmf 
) • 

) 


( 

F (obs) = ( 


) gmf 

) dyne 


QUESTIONS 


1. Show by dimensional argument that Eq. (2) gives the force in dynes provided m is in grams, r in 
centimeters, and n in revolutions per second. 

2. Is one justified in using as the value of tt in this e.xperiment? Explain. 

3. If, in Case I of this experiment, the apparatus were rotated with twice the angular speed needed for 
balance, with what force would the bob press against the end of the frame.'* 

4. If this experiment were performed on Mars (j/mm, = 0.4irE.rtL), which of your measured quantities 
would be different and by how much ? 


Experiment 7. 


The Simple Pendulum 



s 



Object: To investigate the relation between the period of a simple pendulum and its length; also to 
determine the acceleration of gravity. 

Apparatus : Simple pendulum, timing device, meter stick, vernier caliper. The simple pendulum con- 
sists of a small brass sphere B suspended from a rigid support S by means of a fine steel wire as shown in Fig, 

'^■1* The wire is fastened at its upper end to a small threaded 
rod fastened to a knife-edge holder K, The knife-edge rests in a 
groove on the support. A hole through the support under the 
middle of the knife-edge permits the pendulum to swing freely in 
a vertical plane about a line coincident with the knife-edge. 
The position of the nut N has been adjusted so that the effect of 
the supporting system on the period of the pendulum is negligible. 

Theory: The vibration of a pendulum such as that shown in 
Fig. 7-1 is, for small amplitudes, an example of simple harmonic 
motion, the period of which is given approximately by the 
equation 



H 



Fig. 7-1. 


T = 



where T = period, i.e., the time for a complete to-and-fro vibra- 
tion, L = length from the point of suspension to the center of the 
bob, and g = acceleration of gravity. 

Strictly speaking, Eq. (1) is only valid for infinitely small 
amplitudes and for a pendulum with all of its mass concentrated 
at the end of its suspension. However, the errors introduced by 
not being able to satisfy these conditions in the laboratory are 
very small provided that the amplitude of vibration does not 
iL exceed 2® and provided that the radius of the bob is small com- 

pared to the length of the pendulum. 

Under these conditions Eq. (1) states that T is independent 
of the amplitude of vibration and is directly proportional to \/Z* 
The vibration of a simple pendulum also provides a simple and accurate means of determining for both 
T and L can be determined in the laboratory, and hence g may be calculated by use of the equation 

L 


The determinate-error equation is 


g 47r^ y, 2 * 


Ag AL AT 

g “ L T 
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Method: Examine the suspension device for the pendulum, see that the knife-edge is properly placed 
in the F-shaped groove, and set the pendulum swinging in a small arc in a vertical plane perpendicular to the 
line of the knife-edge. It should swing freely and smoothly. The amplitude of the swing should not be 
more than about 4% of the length of the pendulum. 

Determine the number of complete vibrations of the pendulum in a time interval long enough so that the 
total number of vibrations in this interval is at least 100. Estimate the number of vibrations to the nearest 
quarter of a vibration. Make a second count under the same conditions. These counts should not differ 
by more than a fraction of a vibration. If they do, an error in counting has almost certainly been made, and 
a third count should be made. The counting should be started after the pendulum is swinging. The instan- 
taneous position and direction of the pendulum bob at the zero count, i.^., when the time is zero, may be 
marked on the paper attached to the wall in back of the pendulum. This mark then serves as a reference 
point for counting vibrations. 

After two satisfactory counts have been made stop the pendulum, allowing it to hang vertically at rest. 
Measure the distance H from the top of the knife-edge holder to the center of the bob. Then measure the 
height h of the knife-edge holder itself with a vernier caliper. The difference between H and h will be the 
length of the pendulum X. Measure the diameter of the bob. 

Make two additional runs of this experiment, using different lengths of suspension wire in each case. 

Record all these data in tabulated form, including estimated errors. Calculate the value of g for each 
case by means of Eq. (2) and the error in g by Eq. (3). Compare these values with the accepted value for 
your geographical location. See Table P, Appendix III, to determine this value of g. 


Record: 


App. No. 



No. vib 

Time, sec 

Hy cm 

hy cm 

r, sec 

L, cm 

gy cm/sec^ 

1 

3 

— 



■ 






QUESTIONS 

1. If the timing device in this experiment were in error by +0.1%, what approximate error in centi- 
meters per second squared would be introduced into the value of ? 

2. If an error of + 1 vibration is made in counting the number of vibrations (assume to be approximately 
100), what error would this introduce into the value oi g? 

3. It may be shown that practically no error in the period is introduced by the supporting system ifiV 
(Fig 7-1) provided its natural period of oscillation is the same as that for the complete pendulum. What 
physical argument could be used to justify the above statement? 

4. Show that the eflFective length of the laboratory pendulum is i [1 -[- 0.1 (d^/L^)] where d is the 

diameter of the bob. Calculate the error introduced in this experiment by neglecting the diameter of the 
bob. 






Experiment 8, 


The Spiral Spring 



with several constant of a spiral spring; (2) to determine its period of vibration 

with ^e^ eral different loads : ^3 ) to compare the observed period with the calculated period 

The's cathetometer for measuring 

P crmint. tuning devnce The spiral spring in this experiment is a steel spring capable of sunoortin! 

T^e V’th suspended by a hook attached to a rigid framework of heavy metal rods^ 

^ cathetometer is a vertical metal rod in a tripod base with an engraL metric scale upoTi 1 vernt 

^ sleeve that can be moved along the main scale. Hence vertical disnlace- 
H n s ma\ e etermined more accurately with this device than with an ordinary meter stick. 

-r.r JJu Tu t the free end of a spring suspended from a fixed support the 

i ’ .;f. “* • stretches until the tension in the spring just balances the weight of the load. Some springs 

that'thTcouI^ah " any apparent load. In this case it will be fouL’ 

loi.l If no ^ pressed tightly together. Thus the spring through this action furnishes its own 

Xi v. I lr,r ^ ^ternal load is applied to such a spring, the internal load is gradually 

after ther ■ the spring until the coils of the spring are jlist pulled apart. There- 

within lindf- t>. '' T] on the spring, and the spring stretches in a normal manner. That is, 

obeys Hooke's spnng is directly proportional to the stretch of the spring and the spring 

Inder these conditions the loaded spring, if set into vibration, will undergo harmonic motion with a 
penod given by the equation 


T = 2-k 



( 1 ) 


^ ~ period of the motion, il — the efiFective mass of the vibrating system, and K = the spring 

constant, the ratio between the added force and the corresponding stretch of the spring. The effective 

mass M of the spring and its load is the mass of the load Mo plus one-third the mass of the spring. Thus 
Eq. (1) may be written 


r = Stt 



Mo + (m/S) 


K 


( 2 ) 


The contribution of the mass of the spring to the effective mass of the vibrating system may be shown as follows. 
Consider the kinetic energy of a spring and its load undergoing harmonic motion. At the instant under consideration 
let the load J/.. be moving up with velocity r<, as shown in Fig. 8-1. At this same instant an element of mass of the 
spring dm will also be moving up but with a velocity v which is smaller than Vo, It is fairly evident that the ratio 
between t and is just the ratio between y and yo. Hence, v = Vo{y/yo)* The kinetic energy of the spring alone will 

771 

But dm may be written as — dy^ where m is the mass of the spring. Hence the integral equals 


/. 


y 


1 (m\ 2 

2 V 3 / " ' 
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The total kinetic energy of the system will then be 


I + I) 


and the effective mass of the system is therefore Mo + 


m 


The determinate-error equation may be written approximately as 

AT lAMo lAif 


2 M\ 


2 K 


(3) 


It is assumed that m/3 is small compared to Mq^ hence an error in m will not 
appreciably alter the value of A T, 

Method: Part /. Determination of Force Constant, Place a sufficiently 
large initial load on the spring to pull the coils of the spring apart. A 2-kg 
load will generally suffice. Measure the spring stretch from this reference 
point, i.e., determine the vertical position with the cathetometer of some mark 
on the weight holder. Add 1 kg to the load and again determine the position 
of the same mark. Continue this process until the initial load has been 
increased by 5 kg. Then reduce the load in steps of 1 kg taking position 
readings at each step until the load reaches its initial value. 

Record these data in tabulated form. Plot the added load in grams 
(ordinate) against the stretch of spring in centimeters (abscissa). Note that 
the points lie on a straight line, indicating that the spring obeys Hooke’s law. 

Draw the best possible straight line through the plotted points (see Intro- 
duction, Section B) and determine the slope of this line by choosing two 
points on the line, one near the origin with coordinates Xi cm and yi gmf and the other near the upper end of 

the line with coordinates cm and gmf. The slope will be gmf /cm and the force constant will be 

X2 Xi 

this slope multiplied by 980. 

It is rather difficult to compute the error in K. Try to estimate how much yi, 2/2 could be changed and 
still give a straight line that would fit the observed points. Also take into account the fact that the weights 
used in this experiment may be in error by ±0.1% and that the cathetometer readings are only good to 
0.01 cm. 



Fig. 8-1. 


Part II, Determination of the Period of Vibration, Place a load of about 3500 gm on the spring, set the 
system into vertical vibration with an amplitude of about 5 cm, and determine the period of vibration by 
counting the number of complete vibrations in a given time interval. Choose a time interval such that the 
number of vibrations will be at least 100. Estimate the total number to a quarter of a vibration. Repeat 
the count over the same time interval. These counts should not differ by more than a fraction of a vibration. 

Make two additional runs of this experiment using loads of about 5000 and 7000 gm. 

Record in tabulated form the data from these runs and determine the period of the system in each run 
along with the error in the period. 

Finally, calculate the periods for the three different loads using Eq. (2) and their errors using Eq. (3). 

Remember that Mo is the mass of the total load on the end of the spring, including the mass of the weight 
holder. 


Record: Part /. Force Constant of Spring, 
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Experiment 9. 


Work and Power 


Object: To determine the power output which a person can develop under certain conditions. 
Apparatus: Prony brake, stop watch, scales. 

Theory , Power is the rate of doing work. Its units are those of energy per second. Two special units 

are the horsepower, which is equal to 550 foot-pounds per second, and the watt, which is equal to 1 joule 

per second. A device used to measure the power output of a rotating machine is called the Prony brake. 

In its simplest form it consists of a friction band passed around a drum or wheel which is being rotated by 

the machine. Tension is kept on each end of the friction band by a spring balance. Rotating the wheel at a 

known rate, and knowing the tensions on the band and the diameter of the wheel, the power output can be 
calculated as follows: 

When the wheel is rotating steadily as shown in Fig. d-la and the brake band and balances have assumed 
their equilibrium position, the new eflFect is the same as though at any instant the two cords were fastened 
to the rim and pulling with the forces Fa and F i>. See Fig. 9-lb, (Note that these forces must be tangential 
ones since the force of friction can only be exerted in the direction of motion.) From this it may be seen that 
the resultant force tending to prevent turning of the wheel is Fi - Fa, acting at the rim. The work done 

against this force equals the product of the force and the distance traveled by the rim of the wheel. The 
average power exerted during the run is therefore 

P _ 27rrN(F, - Fa) 

^ 1 ' ( 1 ) 

where ^irr = the circumference (the distance traveled in one turn), N = the number of turns in the run, 

t ~ the time of the run. 

Method: Adjust the turnbuckle until both balances read about 8 lb. Move the wheel slighUy to make 
sure It IS m its equilibrium position. Record the readings of the balances with the wheel at rest. Rotate 
the wheel at as fast a steady rate as possible for 30 sec. Count and record the number of revolutions made 

in this time, and the readings Z’. and /-. while turning at the steady rate. Repeat for each pL^ 

Repeat the preceding paragraph of instructions for an equilibrium force of about 12 lb on each balance. 

Again repeat, this time for 20 lb on each balance, and run for 10 sec. Measure the outside diameter of 

the wheel and the depth of the groove. To eliminate zero errors in the spring balance, find the difference 

between the readings at rest and in motion of each balance and add the absolute values of these differences. 
This sum is the net force acting on the rim {Fh ~ F^). 

Run rapidly up a flight of stairs, from a running start, having your partner time the run with a stop- 
watch. Repeat for each student. Measure the heights of ten steps and record the average. Record the 
number of stairs and your weight. 

Calculate the work and the power developed in each part of the experiment. Express the work in 

foot-pounds and the power in horsepower and in watts. Note that a person's power output depends mainly 
on the muscles involved. ^ 
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EXPERIMENT 9: 


WORK AND POWER 



Since this experiment is largely qualitative in nature it will not be necessary to make error calculation 



Fig. 9-la 



Fig. 9-lb. 


Record: 


i 

Student , 

Balance A 

Balance B 

Net 

force 

No. of 
turns 

No. of 

seconds 

Work, 

fUb 

Pwr, 

hp 

Pwr, 

watts 1 

Rest 

Turning 

Diff 

Rest 

Turning 

Dili 

i 

? I 

1 

1 

8 








30 




2 

8 








30 




II 

1 

12 








30 




2 

12 








30 




m 

1 1 

20 








10 




£ 

20 








10 j 




IV 

1 

1 

1 













2 

1 



; 











Diam wheel, over-all 

Depth of groove 

Height (ave of 10) of a riser 

Number of steps 

Weight, student 1 

Weight, student 2 


Radius to inside of groove^ 

I Height climbed 


QUESTIONS 


1. Transform the work done into ergs, joules, kilogram-meters. 


Experiment 10, 


* 


Simple Machines 


Object: To study some simple machines and to determine their mechanical advantages and efficiencies. 

Apparatus: Pulleys and stand, wheel and axle, block and tackle, differential pulley (chain hoist), 
weights, outside caliper, meter stick, gear train. 

Theory: A machine is a device for applying energy to do work in the way most suitable for the purpose 
at hand. It is used to transform or to transfer energy; it may receive (and deliver) energy in different forms: 
mechanical (both kinetic and potential), electrical, heat, etc. In the simple machines, the energies are 
mechanical only. The agent that supplies the energy exerts a single force, and the machine is opposed in 
doing its useful work by a single resisting force, the load. 

The mechanical advantage of such a machine is defined as the ratio of the force exerted hy the machine 
on the load to the force applied to the machine. In simple machines the mechanical advantage may be 
greater than, equal to, or less than unity, depending on the character of the machine. 

Although the force exerted by the machine may be much greater than the applied force (as in the case 
of jacking up an automobile), the useful work done by the machine is in every instance less than or at most 
equal to the work supplied to it. The smaller force is applied through a much larger distance than is the 
larger force. The efficiency of the machine is the measure of how much of the work supplied is delivered to 
the load, and is defined as the ratio of the delivered to the supplied work. In an ideal machine none of the 
supplied energy would be wasted in overcoming friction or in other losses, and the ideal efficiency would be 
100%. Few actual machines approach this value. In the ideal machine 

Fla (Sin = Fout ^oUt> (I) 

where = input force, 

jSitt = distance through which the input force acts, 

Fout = output force, and 

Soat = distance through which the output force acts. 

It is readily seen that the ratio Sin/Sout is equal to the mechanical advantage. Since this is true only 
in an ideal machine, this ratio is called the ideal or theoretical mechanical advantage. It is usually possible to 
obtain the value of this quantity by inspection of the geometry of the machine (for instance the gear-tooth 
ratio, or the number of ropes in pulley systems). This quantity is also often called the velocity ratio. It 
may be shown that the efficiency is equal to the ratio of the actual to the ideal mechanical advantage. 

Method: Pari I. Pulleys. 

A. Use first a simple pulley fastened to a support, with a cord passing over the pulley carrying a weight 
pan at each end. Flace equal weights on each pan, successively 500 and 1500 gm. In each case place on 
one side the amount of extra weight necessary to keep the pans moving slowly and uniformly when lightly 
touched to start them in motion. 

B. Next, rig a traveling block system, with the weight pan suspended from a floating pulley. One end 
of the cord supporting the floating pulley is tied to the support, and the other passes over a fixed pulley as in 
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1 ^iieeesvivcly 100, .>00, 1000. 1500, and ^JOOO gin, and balance each by the force necessary 
• r '.nt: slowly an<l uniformly after touching lightly to start the motion. 

■\ .11 Iv found in the laboratory a diflferential pulley tchain hoist) and a block and tackle system 
: I. 'tine .1 considerable weight. Examine these two systems carefully. See Fig. 10-1. Apply 

a load of about T.i lb to each and. u.sing an appropriate spring balance on the in- 
put. determine the mechanical advantage of each of these mechanisms. Measure 
values of 5;= and §<«., to determine the velocity ratios. Count the number of 
chain indentations on each of the two upper pulleys of the differential pulley. 

D. Fbr each of the above pulley systems determine the mechanical advan- 
tage. the theoretical mechanical advantage, and the efficiency for each load. 

Pari II. ff heel and Axle. The wheel and axle supplied in the laboratory has 
several different diameters. The smaller diameters will be used to support the 
loads and the larger diameters will be used in applying the input forces. Measure 
.all diameters using the outside calipers. 

A. I se loads of .500. 1000. 1500. and 2000 gm on the smallest diameter, and 
determine the corresponding forces on the largest diameter using, as in the case of 
the pulleys, just enough weight to keep the load rising slowly and uniformly. 

B. Repeat, supporting the load on the next-to-the-smallest diameter, and 
balancing with forces on the next-to-the-largest diameter. 

C. For each of the above cases determine the mechanical advantage, the 
theoretical mechanical adv'antage, and the efficiency. 

' Select one of the collection of gear trains found in the laboratory and record its 
I ;t rmine its mechanical advantage and its theoretical advantage (by counting teeth). 
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QUESTIONS 

tj,., t., apply enough force to keep the load rising smoothly instead of just enough to 
W i y !> it n* t ^sary to adjust for uniform motion? 

< i^^ ' / iTirl WTiat is the reason for the difference in slopes? 

b^ r.,rirliid» d from the behavior of curve c? 


be ronrlndeii from the behavdor 
h t‘ the theoretieal m 
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curve d? 

of a differential pulley is 
(in raising the load) 
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n — fi 

*. radio > of the larger part of the pulley, 

^adi^l'^ of t)ie ^riialleT pBTt of the pulley. 

\\ :.,it uoiihi }»*• the rorrespoeding expression for the dififerential pulley used in the laboratory in terms 
‘re iiumbor^ oi ehain indentations ? 

6. Show that 

. actual mechanical advantage (3) 

e ciencjr — ideal mechanical advantage 




Experiment 11. 


The Torsion Pendulum 



Object: To determine (1) the moment of inertia of a torsion pendulum, (2) its constant of torsion, (3) the 
modulus of rigidity of the support rod of the torsion pendulum. 



Fig. 11-1. 

Apparatus: Torsion pendulum, heavy ring, two identical solid cylinders, caliper, micrometer caliper, 
steel scale, timer. The torsion pendulum consists of a solid disk suspended at its center by a metal rod. 
This rod is clamped in a rigid support at the top. See Fig. 11-1. Either the ring or the cylinders may be 
placed on the disk in order to change the moment of inertia of the pendulum. 

Theory: If a body suspended by a rod or wire such as in Fig. 11-1 is given a small twist about the axis of 
suspension, it will oscillate with angular harmonic motion the period of which is given by the equation 


r.bJ. 


( 1 ) 
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THE TORSION PENDULUM 



wlicrc T = period of o.seillalion, 

^ inoiiieiiL f)f iiKTliii <)f tlie .systern ulioiit the axis of rotation, and 

Ic = torsion conslaiil. of llie suspension, i.r., tlie eonstant ratio f>etween the restoring torqae aod tba 
angular displarcinent . 

Jlie torsion constant of tlie snsficnriing rod is n function of the rlimcnsions of the rod and ill© iMdukji 
of rigidity of its material. Jhis modulus // i.s given l>y tin* c(j nation. 


n = 




(f) 


wliere n = modulus of rigidity, 

I = lenglli of rofl, 
k ~ torsion constant, and 
d = <liaTnoter of tlie rod. 

In this experiment we wish to determine both / and k for the torsion pendulum. Rv observing the 
period of oscdlatioii T of tlie pendulum we eon delerminc ! /k by H<|. si!, but not / and k H«>|»arately. A 
method of .solving this proltlern is lo odd lo tin; sysli-rn a body <d known moment of inertia /.and then to 
observe the new period of o.scillation 7'„. This gives the ef|ii!ilion 


T.. 


I 


If / 


o 


k 


By eliminating Ic helwi'cn K(|s. i \) and (3) and .solving for /. we get 


wlu'rr 


H = 


/ = 7/., 

r 

iv - P 


(4) 


win 


In a similar manner we may eliminate I and solv(‘ for A*. We gt‘t 

Ic 

/ 

rp 2 

'e n = - 

/ 'j -2 _ y i 


The error equations in this experiment are somewhat more eomplicated than those in pnein 
inents. The simplest one is that for K(|. ( 2 ), which may he written for deterriniiate «Trors 
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For Kq. (-t) the corres])onding ileteriniiia I e-error e(|nation i.s 
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Noliec that tlie fractional error in / may become very large if /'„ is not inneh larger than T, i.r., if p i* 
In order lo prevent this, /. should be ma<le as large as po.ssible. 

Finally, the determinate-error equation for Fq. (,>) i.s 


Sk 

k 


A/ 


A/’ 


AT, 


/ + i(i ip y. 


(H 


Here again we see the advantage of using a large value of lo for this makes l>oth p ami 7 small, thus keeping 
the fractional error in A* small. 

The ‘'known * moment of inertia in this case, /*,, is that of a massive ring that has the same external 
diameter as the torsion disk. Actually its moment of inertia is not given, but it may eii.silv be computed 
bv means of the formula 


lo — 4 “ /13'h 
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where lo 

Mo 

Ri 

The 

Alo _ AMo . ARi AR2 

77 “ Mo ^ Ri ^ R2 


= moment of inertia of the ring about its central axis, 
= mass of the ring, 

= external radius of the ring, and 
= internal radius of the ring. 

determinate-error equation for Eq. (9) is approximately 



since Ri and R 2 are roughly equal to each other. 

A second ‘‘known moment of inertia is the combination of two solid metal cylinders each of mass tUo 
and radius r© standing upright at the edge of the torsion disk and on exactly opposite sides of the supporting 
rod. The moment of inertia of this combination may be computed by means of the theorem (Lagrange) 
that the moment of inertia of any body about any axis is its moment of inertia about a parallel axis through 
its center of gravity plus where m© is the mass of the body and h is the perpendicular distance between 
the two axes. 

To sum up, we may determine I and k for a torsion pendulum by finding its normal period T, and its 
new period To when a known moment of inertia lo has been added. 


Method: 1. Set the torsion pendulum (without the ring) into oscillation with an amplitude of about 
10 ° to 20 ° after placing a chalk mark on its front edge. Determine its period of oscillation by counting the 
number of oscillations (at least 100) in a certain time interval. Estimate this count to the nearest quarter 
of an oscillation. Repeat this count two more times. The various counts should not vary by more than a 
half oscillation. Compute the period T and its error. 

2. Place the ring on the disk, centering it carefully. Again set the system into oscillation and determine 
the new period To in the same manner as before. 

3. Compute the moment of inertia of the ring lo by measuring Ri and Ro* The mass of the ring is 
stamped on its surface. Estimate the error in lo- 

4. By means of Eqs. (4) and (5) compute I and k for the torsion pendulum. Also determine the errors 
in I and in k by means of Eqs, (7) and (8). 

5. Measure the diameter d and length I of the suspension rod. Take at least five measurements of d 
at various points along the rod. Compute the coefficient of rigidity n by means of Eq. (2) ; also compute 
the error in n by use of Eq. (6). Compare the value of n obtained with that given in Table M, Appendix 

III. 

6. If time permits, repeat 2, 3, and 4, using the cylinders instead of the ring. Be sure that the two 
cylinders are placed on the disk in alignment with the index lines and with their surfaces just tangent to the 
circumference of the disk. Do not make error calculations for this part of the experiment. 


Record: 


App. No. 


Mass of ring: 

Mo = 

External diameter: 

^Ri = 

Internal diameter: 

%R2 ” 

Length of rod: 

1 = 

Material of rod: 




Diameter of rod: 
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A/. = 

9 = 

AT = 

P ■= 

ATo = 

1 = 

Al = 

k = 

Ak = 

n = 

Ah = 
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(,U ESTIONS 

1. relop the fJelerminalc^rror equation^ (7). and (10) in this experiment. 

Develop Eq. t9> by u-ing the fact that / for a uniform solid cylinder around the same axis as the 
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Experiment 12. 


Specific Gravity. Archimedes' Principle 



Object: To determine the specific gravity of several different solids and of a liquid by the principle of 
Archimedes. 


Apparatus: Balance with hydrostatic weighing device, solid specimens, liquid specimen, overflow 
vessel, sinkers, beaker, hydrometer. 


Theory • Specific gra\ ity is defined as the ratio of the density of a substance to that ot some standard 
substance usually water. It may be obtained by comparing the weight of the substance to the weight of 
an equal volume of water. This may easily be done by using Archimedes’ principle which states that a body 
immersed in a fluid is buoyed up by a force equal to the weight of the displaced fluid. The volume of the 
displaced fluid, of course, will just equal the volume of the immersed portion of the body. 

This principle may be used to determine the specific gravity of (1) solids more dense than water, (2) 
solids less dense than water, (3) liquids of any density. 


1. Solids more dense than water. In this case the weight of the solid is obtained first in air (Wo), then 

in water (B^i) . It is assumed, of course, that the solid will not dissolve in water. The specific gravity 
(S.G.) in this case is given by the formula 



2. Solids less dense than water. The solid is weighed in air (IF^o)* A sinker is then attached to it, and 
the system (solid plus sinker) is reweighed with the solid in air and the sinker in water (TFoi). Finally the 

system is weighed again with both the solid and the sinker in water (IFn). The specific gravity of the solid 
is then given by the formula 


S.G. 




3. Liquids. A solid body is weighed first in air (?Fo), then in water (IFi), and finally in the liquid (W^). 
The specific gravity of the liquid is then given by the formula 


S.G. 




Method: Part I. Solids more dense than water. Attach the solid specimen to the pan of the balance 

by means of a wire and determine its weight (Wt^. Fill the overflow can with water, immerse the solid 

in the water, and catch the overflow in a beaker. Determine the weight of the solid immersed in the water 

(W i)- Calculate the S.G. of the solid by means of Eq. (1), and compute the approximate error in the result. 

Compare the loss of weight of the solid (Wo — IFi) with the weight of the water which overflowed into the 
beaker. 

Repeat this experiment with a second solid specimen. 
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EXPERIMENT 12; SPECIFIC GRAVITY 


Parf II, Solids less dense than icafer. Attach the solid specimen (block of wood) to the balance and 
dotorniino its weight (H’oh Fasten a sinker (lead weight) to the block of wood, immerse it in water, then 
determine the weight of the system under these conditions (JFoi). Finally immerse the entire system in water 
and determine the weight of the system (IFu), Calculate the S.G. of the wooden block by means of Eq. (2) 
and compute the approximate error. 

Repeat this experiment with a second solid specimen (cork). 

Part III. Liquids, Attach a small metal cylinder to the balance and determine its weight (Wo), 
Then immerse the cylinder in a beaker of water and redetermine its weight (IFi). Finally immerse the 
cylinder in a beaker of the liquid and determine its weight under this condition (IF 2 ). Calculate the S.G. of 
the liquid and compute the approximate error. 

Make a direct determination of the specific gravity of the liquid by means of a hydrometer and com- 
pare the two values. 

Compare the values obtained with the accepted values in Table C, Appendix III, 

Record: Tabulate data and results. 

QUESTIONS 

1. By use of Archimedes’ principle develop Eqs. (1), (2), and (3). 

2. Bubbles of air are likely to attach themselves to the solid specimen when immersed in a liquid. What 
effect in general will this have on the calculated values of S.G. ? 

3. A ping-pong ball floats on water in a closed vessel partially filled with water. If the air pressure in 
the vessel is increased by pumping more air into the vessel, will the ping pong ball rise or sink in the water? 

Explain. 

4. WTiy can one neglect the buoyant effect of the air in this experiment? 


Experiment 13. 

Surface Tension 



Object: To determine the surface tension of water (1) by a direct method, (‘2) by capillary action. 

Apparatus: Micrometer microscope, wire frame. Jolly balance, capillary tube, cathetometer. 

Theory: Because of the mutual attraction of the molecules in a liquid, those in the interior e.xperience 
forces which are nearly uniform in all directions, whereas those at the surface experience a net inward force 
of attraction. This means that work must be done to move a molecule from the interior of a liquid to its 
surface, i.e., the surface molecules possess more energy than those in the interior of the liquid. Thus the 





Fig. 13-1. 


surface of a liquid possesses energy and hence tends to act as if it were covered by a stretched film or mem- 
brane. This phenomenon is known as surface tension. The tension T of such a film is measured by the 
force F which it exerts per unit length along a line I in the surface across which the measurement is made: 



(dyne/cm). 



The direct method of measuring surface tension is to lift a straight wire through the surface (Fig. 13-1). 
If this is done carefully the film will be pulled up with the wire. If F is the force exerted by the film (two 
surfaces) on the wire, and L is the length of the wire, then 

^ ( 2 ) 

The rise or fall of a liquid in a capillary tube may also be used to determine its surface tension. The 
surface tension in this case is given by the equation 

„ _ dghr 

2 cos d’ 
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SURFACE TENSION 


where T = surface tension, 

d — density of the liquid, 
h — vertical rise of the liquid in the tube, 
r = internal radius of the tube, and 
6 = contact angle of the liquid with the tube wall. 

See Fig. 13 -‘■2. Also see your general physics textbook for a development of Eq. (3). 

Pure water in contact with clean glass has a contact angle 0 = 0. In this case the liquid (water) wets 


the glass. 

Method: Part L Direct Method. Clean the wire frame by heating it to redness 
in an alcohol flame. Do not handle it toith the fingers but use a pair of tweezers. Attach 
it beneath the weight pan and indicator on the spring of the Jolly balance as shown in 
Fig. 13-3, and adjust the position of the spring until the center line of the indicator is 
even with the center line of the glass indicator tube. This should be accomplished fairly 
near the low end of the scale of the balance. Record the scale reading. Place a 1-gm 
weight in the pan and again adjust the position of the spring until the indicator center 
lines coincide. Record the new scale reading. From these data the force constant of 
the spring may be obtained. Remove the 1-gm weight. 




Fig. 13-2. 


Fig. 13-3. 


Place a beaker of fresh water on the platform, and raise the platform until the wire frarae is immersed. 
(The tweezers may have to be used to accomplish this. Note: Do not put your fingers into the water. 
The slightest trace of oil will affect the results.) Lower the platform slowly until the frame begins to come 
through the surface of the water, drawing a film with it (Fig. 13-1). Continue to lower the beaker of water, 
but simultaneously adjust the spring tension so that the indicator center marks coincide at all times. As 
the wire frame draws the film farther out of the surface, a point will be reached where the wire continues o 
rise without any further lowering of the beaker. If the previous adjustments have been made ^n^ug . 

this point will be easUy recognized. As soon as it is reached, stop making further a Justmen s, 
will gradually and then more rapidly continue to free itself. Record the setting o t e sea e. ep 
times after uniform results are obtained, i.e., after successive scale readings agree to within 0.2 cm. 

Measure carefully and record the outside length of the wire frame using a steel f ^ 

force constant of the spring determine the force exerted in breaking the film. ompu e 

and its error. 

Part II. Capillary-tube Method. Select a piece of capillary tubing from 
solution and rinse thoroughly with water. Dip the tube deeply m a beaker of ^ 

draw it slowly until the liquid inside the tube begins to sink. Support the tube at this position 
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the l>eaker, and measure, using the cathetometer, the height of the water in the tube above the surface of the 
water in the l>eaker. Repeat two more times. 

Remove the tul>e and mount it under the microscope in such a way that its bottom end is above the 
tiltecl mirror of the microscope stand and its top end is in the focus of the microscope. Measure the inside 
diameter of the tulie with the microscope ("see Appendix II, Note C) taking readings when the cross hair 
Is tangent to the Ix^re of the tube and perpendicular to the direction of travel of the microscope. Turn the 
tul>e 90® and remeasure; use the average of the two measurements. Calculate the surface tension and its 
error anrl compare with the results from the direct method. Compare your v alues with that giv^en in Table L, 
Appendix III. 


Record; 

Seale reading (no weight in pan) 

With I grn in pan 

Difference 

Force constant dynes/cm 

Scale readings (wire breaks through) 


Average 

Net spring extension to break through 

Corres[)onding force 

Length of wire frame 

Surface tension Error 

Trial I Trial I Trial 3 

Height in tube 

Height in beaker 

Height h 

Average of h 

Diameter of tube: 1st meas 90® meas 

Left reading 

Right reading 

Difference 

Average diameter 

Surface tension terror 


QUESTIONS 


1 . Frequently the capillary-tube method giv'es a smaller value of T than the direct method. How 
would you explain this? Hint: \Miat assumption was made in using Eq. (3)? 

2. Surface tension may be defined as the amount of work required to form a unit area of surface of a 
liquid. Show that this definition also leads to Ecis. (\) and (^j^in this experiment. 

3. In Eq. (3) r refers to the internal radius of the tube at what point along the tube? Explain. 


Experiment lU. 



* » 


nftji rt : T'l deter nviiu ilie density of air. 

ipi>nrntus: .Vnaivtical halance. set of analytical weights, set of laboratory weights, spherical flask 
. d . . . . , rnier caliper, vacuum pump, barometer, thermometer, drying tube, cloth. For a description 

f *iu "C itcni'* Appendix II» ^otes Al» 3* D? IM* 


f ' . I 


/ /icorv: I. k.' other matter, gases have mass. As with solids and liquids, a density may be determined 
-.ntitv of sras; it is equal to the mass of the gas per unit volume. 


d = 


m 


I 


( 1 ) 


1 


. : »r » h.n,.,. ho«..ver, . ga^ will expand to all the entire volume of a contamer, no matte W 

■ f . m..v, of a.,,- i . or, rent, and thus will exert a pressure on the walls of the container. The 
. - .d hy a Riven ma- of gas will depend on its temperature as well as on its volume. Inder proper 
- o <.f pressure anil temperature a gas will obey the ideal-gas equation 

pV = nRT, 

x (itTe p — pressure of the gas, 
r = volume of the gas, 

FI = number of moles i gram molecular weights) of the gas, 

/.’ = constant, the so-called gas constant, and 

T = absolute temperature of the gas. mass of eas it will hold in 

The above law holds for all pressures, volumes, and temperature.^, for g 

i»arlicular in condition 1; f3'\ 

‘ n,r, = nRT, ^ ^ 


and in condition i. 


p.Ti = riRT^. 


(4) 


Dividing Eq. (Si by Eq. (4) we get 


r, 


Dol'o To 


Pfl 


( 5 ) 





VO:. 


1 


,»l - 


1 ^ ith proper subscripts for conditions 1 and 2, Eq. (5) becomes 


pid? _ T\ 
~ To 


( 6 ) 



Thu. If we know the denxi.y nf a gn. at any 7r»-‘'^^,7^,P^:i™k‘r^tobeys\he ideigaa Uw, B,. 

.1 .ny other Umperalnre and pressure (condition «) prnvid^ tn g y equations 

(tl. For our purposes, dry air behaves sufflcieutly like au ideal gas to enable 

without appreciable error in this experiment. 
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For comparison purposes the densities of gases are generally given for standard conditions. It would 
obviously mean nothing to say that the density of carbon dioxide is 0,001965 gm/cm^ unless the temperature 
and pressure at which this value is correct are also specified; for by Eq, (6) the density varies with tempera- 
ture and pressure. Standard conditions of temperature and pressure are taken to be zero degrees centigrade 
and 760 mm of mercury. 

Absolute temperature is related to centigrade temperature by the fact that 0°C corresponds to 273.2° 
Abs. The size of the absolute degree is equal to that of the centigrade degree so that we may obtain the 
absolute temperature by adding 273.2 to the centigrade temperature. 

Thus if we wish to find the standard density of a gas, we need only measure its density under the labora- 
tory conditions, and apply Eq. (6). Remembering that pa = 760 mm Hg and that T, = 273. 2° Abs, Eq. (6) 
becomes 



760 X 
piab X 273.2 




Method: Two flasks filled with dry air will be hung on the arms of an analytical balance, and enough 
weights will be added to the lighter side to bring the balance to a zero rest point. One of the flasks will then 
be evacuated and replaced on the balance. To again obtain equilibrium, weights will have to be added to 
the side of the evacuated flask, equal in amount to the weight of air exhausted. Knowing this weight and 
the volume of the flask, the density of air under laboratory conditions is easily obtained. With this, and 
the laboratory temperature and atmospheric pressure, Eq. (6a) may be applied to find the density of air 
under standard conditions. 

After having read carefully the notes in Appendix II referred to above under ApparatuSy check an 
analytical balance in the manner described in Appendix II, Sections M, 3(a), 1(d), and 2(e). If its unloaded 
rest point is within two or three divisions of the zero point, the balance is ready for use. Record the rest 
point. Engage the arrestment. 

Check the stopcocks of the flasks for airtightness. They should turn smoothly without rasping, and 
with a viscous resistance. If a valve is unsatisfactory, remove the stopcock and clean both it and the stop- 
cock seat with a cloth. Apply new stopcock lubricant sparingly to the stopcock and reinsert it in its seat, 

testing as before. These precautions are necessary to prevent leakage of air into the flask while it is being 
weighed. 

Evacuate a flask with the vacuum pump. In using the pump, the following precautions should be 
observed. The pump should never be run ‘‘sucking air,” that is, with its hose disconnected; running exces- 
sive amounts of air through the pump tends to oxidize the oil. Insert the neck of the flask into the pump 
hose, open the stopcock, and turn on the pump. When the sound of the pump indicates that the flask is 
evacuated (about 1 min later) close the stopcock, and then turn off the pump. Disconnect the flask from 
the hose, being careful to pull straight out so as not to break the neck of the flask. 

Repeat with the other flask. While the second flask is being evacuated, connect the first flask to the 
drying tube and open the stopcock graduallyy to prevent excessive cooling of the incoming air. Close the 
stopcock, and repeat with the second flask. 

Wipe the flasks with a clean cloth to remove grease and dust, and from this point on, handle them only 
with the clothy since oil and moisture from the fingers will change their weights. Hang the flasks by means 
of the loops of wire from the hooks of the analytical balance. Open the stopcocks. 

Being sure to use only the forceps on the analytical weights, use the less accurate set to bring the .balance 
to the zero point by means of the method outlined in Appendix II, Section M, 3 (b) and (d) . (See Question 1 
at the end of this experiment [) Balance to the nearest milligram, and record swings to avoid error. Engage 

the arrestment and record the position of the rider. At this time read and record the room temperature, the 
barometer reading, and the temperature at the barometer. 

Using a cloth, remove the lighter of the two flasks (the test flask), and close the stopcock of the other 
flask (the counterpoise flask) . Connect the test flask to the vacuum pump and evacuate for 2 min, observing 
the same precautions with regard to the pump as earlier. Rehang it on the analytical balance. 

^ Using the more accurate set of weights, bring the balance to a zero rest point once more by adding 
weights to the pan with the evacuated flask. Again balance to the nearest milligram, and engage the arrest- 
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14^ 


« ^ r i i • 


Ri'i'.-'r.l the amount of now weights iulded aiul the new position of the rider. Return this set of 




Ia \\< Iyo\ 


Romo%e the evacuated flask and refill with i/n/ air. Replace it on the balance, and once more bring 
•he txdance to 7 ero. Record the amount of change, if any. from the first weighing. Use as the value of the 

*■ weiiihmg. the average of this and the fir>t weighing. 

Iv’tnove the test flask and measure the out-side diameter of its spherical section, using the vernier caliper. 

* « *■ • 


nr', 


1 p, 

[•» ^ « 


Me.i 

:he thirk 
'ratiiK' K' 

1 h ! ru' 
>phc 
as ft 




ft t !! A 




at least 10 different representative places and find the mean of these measurements. Determine 
f the glass bv measuring that of a sample broken fiask. Then the volume of the flask may 
ilculate^l except for the portion in the neck- Pleasure the inside diameter of the neck and its 
the flask to the stopcock. Measure the dimensions of any tapered portion not properly a part 
ca! volume. Calculate the approximate volume of this extra portion and add it to the spherical 

determ ined. 


1 


uetcriBined-. 

in*: this volume and the ma.ss of air determined above, calculate the density under laboratory con- 


ait >. 


I Mni: Table F of .Vpjiendix III, apply the proper correction to the barometer reading. Using the room 
•,em|H'rature and the ctirrected barometric pressure, calculate the density of air under standard conditions. 

I'omv ire this with the accepted value given in Table C. ... 

Vs.r.roinc the temperature to be known within ± 1“C. the mass of the air to within ±2 mg, and assigning 

r«is-mable values to errors in the oUier measured quantities, calculate^ the indeterminate errors m the values 
and d,. Does the error for d, include the accepted value of d,? 


Recfprd: 

App- No.: Balances. 


Test East 


CoBoierpoise flask. 
CalifKT 


Weights iaecurate) 


Caliper zero error 
Lab temperature 


Barometer reading. 
Barometer temp_ 


Barometer Correction- 
Corrected pressure — 
Rest point of balance. 


_cm 

°C 


jnm Hg 


C 


m m Hg 
_jnm Hg 
_div 


Dia 

1 


eter of bulbt 


cm 




o 

6 

f 

s 

0 

10 


Thickness of glass: 
1 .cm 

o 






Ave 


cm 


Dimensions of neck and tapered portion ; 

(sketch) 


Volume of neck and tapered portion : _ 


cm 


A VC 


cm. 


Inside diameter; 


cm ± 


Volume of .spherical portion . 


cm^. Total volume: 


cm^. 


m 

Fir^t V>alancc: wei 



Third balance; weights 


rider position — 

n<l bala lice: new weights— 

rider position. 


rider position 
Mass of air mg 


du* _gm cm* ± 

d, gm/cm* ± 


gm/cm* 

gm cm* 
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QUESTIONS 

!• Why, in this experiment, is it permissible to balance the scales at the zero position instead of at the 
true unloaded rest point ? 

2. Why is it necessary to use dry air in this experiment rather than air directly from the room ? Describe 
the effect on the value of ds obtained (a) if some water condenses in the flask and (b) if there is water \ apor 

present in the flask. 

3. In the Method, the flasks were wiped dry of grease and dust after having been filled with dry air, 
thus giving them time to attain room temperature before weighing. Why is such a delay necessary? Why 
are the stopcocks opened before weighing? Why are the room temperature and atmospheric pressure read 

and recorded immediately after this weighing? 

4. The counterpoise-flask method used in this experiment eliminates errors resulting from a change in 
temperature or atmospheric pressure between the first and second weighings. Explain, (Hint. Consitler 
the buoyant effect of the air on the flasks and weights.) Why was the stopcock of the counterpoise flask 

closed and left closed? 

5. The method of weighing used in this experiment has the features of the "'substitution method,” i.e,, 
weights were substituted directly in the pan from which mass had been removed (by evacuation of the flask) . 
Which error inherent in the balance does the substitution method eliminate? See Appendix II, Section M. 

3(d). Explain. 


Experiment 20, 


Linear Expansion 


Object: To determine the coeflBcient of linear expansion of a metal. 

Apparatus: Specimen whose coefficient of linear expansion is to be mea-sured, traveling mirro.scopes, 
meter stick, thermometers, boiler. 

Theory: Most solids undergo a change in length upon experiencing a temperature change. The sizeof 
this change is found to depend on three factors: the amount of the temperature change, the original length 
of the solid, and the material composition of the solid. This relation may be cxpres.sed by the equation 


5L = aLo dT, 

where dL = the change in length, 

Lo = the length at a standard temperature, 

5T = the change in temperature, and 
a = a constant depending on the material. 

The constant, a, is called the coefficient of linear expansion. 


( 1 ) 


We may solve Eq. (1) for a to get 


5L 


a — 


L„8T 




Thus it is seen that a is the change in length per unit original length per degree of temperature change. In 
the metric system, the temperature change is measured in centigrade degrees, and the standard origina 
length is that at 0°C. However, under the conditions of this experiment, wc may use as our reference Icngl 
the length at room temperature, Lr, to a sufficient degree of accuracy. Then Eq. (2) becomes 


bL 


a = 


Lr5T 


(3« 


Method: The solid is in the form of a tube, T, about 1 m in length. See Fig. 20-1. The 
rounded by another tube, S, packed with felt insulation. Near each end of the specimen tube a .short brj^- 

rod, R, i, soldered at rigit angles, and the tips of these rods are just visible through „ 

The ends of the specimen tube extend beyond the surrounding tube and are connected b> rubUr ho^e 
thermometer emplacements, which in turn are furnished with connections to running water or steam. I 
above the short brass rods are traveling microscopes, M (see Note C, Appendix II), wnic 
on the tips of the rods. The surrounding tube is mounted on supports, one of which is 
adjustment. A, so that the whole apparatus may be moved m the direction of its length. > 

of the microscopes, small changes in the length of the specimen may be measured. oroiections. 

With a meter stick, measure the length of the specimen bet^ween ^ specimen has*^attained a 

Pass a stream of cold water through the specimen (tap water wi o). scratches on the 

uniform temperature (steady readinp on both thermometers) ocus e^ readings of both thermometers, 
brass projections and record the reading on t le rig t- an v j make an independent setting of the 

Read the thermometers to 

right-hand traveling microscope to ensure accuracj 
° 50 
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beneath both thermometers, and connect the system to the boiler. Be sure the boiler contains suflBcient 
water before lighting the burner. Pass steam through the system, and when the temperature becomes 
steady, use the adjusting screw in the left-hand support to move the scratch directly under the left-hand 
microscope again; read and record the right-hand microscope setting, and the readings of both thermometers. 
Again pass tap water through the specimen, taking readings as before. 






U 


///// /////// /7 




Fig. 20-1. 

From these readings, using for each temperature the average value of the readings of the two ther- 
mometers, and for each micrometer reading the average of the readings taken by each student at that tem- 
perature, substitute in Eq. (3) to find a. Two separate values of a can be found from the data corresponding 
to the two temperature changes produced; compute them. Find the error equation corresponding to Eq. 
(3), and calculate the indeterminate errors in the values of a. Average the two values of a and compare with 
the values in Table E, Appendix III. Of what material is the specimen composed? 

Record: 

App. No 

Length between scratches 

Room temperature 

Left Right Average 

Tap-water temperature — - 

Steam temperature 

Tap- water temperature 

Right-hand micrometer readings Student A Student B Student C Average 

Tap water — 

Steam — 

Tap water 

Rising temperature Falling temperature 

dT = 

" 8L = 

a = — — — — — 

Error of a 

Average a 

Material of specimen 


QUESTIONS 

1. What percentage error is introduced into the value of a by using Lr instead of Lo? Is this error 
significant in this experiment? 

2. Why is it permissible to measure Lr with a meter stick whereas the increase in length must be meas- 
ured with a traveling microscope? 



Experiment 21. 


Gas Thermometer 



OIjj ^ ct • To cfllibrstc s const 3 .nt”Voliiiiic hGliuni ^h>s tlicriiioiiictcr Stiid tlicnco to dotGrininc (1) tlio sub* 
limation temperature of solid carbon dioxide (dry ice) at atmospheric pressure, (2) the temperature coefficient 

of pressure of helium gas. 

4.pp<ir<ituss Constant-volume helium gas thermometer, barometer, boiler, cracked ice, dry ice. 

\ sketch of the constant- volume gas thermometer is shown in Fig. 21-1. It consists essentially of a 
mercurv manometer, one arm of which is open to the atmosphere while the other arm connects with a closed 


to boiler 



brass 
jacket 

removable 

bucket 
pyrcx -3 
bulb‘=^ 

outlet 
fiducial mark 


mercury 


flexible 

hose 




Fig. 21-1. 


g|.« bulb coulumiog helium gas. The glaaa bulb eudoseU m a - — rdiu. bath. 

able. To keep the gas in the bulb at constmit volume, it “ “X^^^ing on the stem of the bulb 

closed manometer arm at the fiducial or reference mar . ^ directly off a fixed scale on 

iust below the brass jacket. The height of mercury in either arm may be read dire y 
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Theory: When two systems or bodies at different temperatures are put into thermal contact with each 
other, heat flows from the system of higher temperature into the system of lower temperature. This flow 
of heat continues until the temperatures of the two systems are the same. At this point the flow of heat 
ceases and the systems are said to be in thermal equilibrium with each other. Since the flow of heat, or its 
absence, can be detected by means other than the measurement of temperatures, this method gives us a 
means of determining the equality or inequality of the temperatures of two systems. It gives us no informa- 
tion about the amount of the inequality, however. 

It is a matter of experience that two systems, each of which is in thermal equilibrium with a third 
system, are in thermal equilibrium with each other. Hence all systems in thermal equilibrium with one 
another have the same temperature. Temperature therefore is a property of a system that determines 
whether or not this system is in thermal equilibrium with other systems. 

It is well known that some properties of a system are temperature-independent, e,g.^ its mass, while 
others such as its volume depend upon the temperature. Temperature-dependent properties of a system 
are known as thermometric properties. Any one of them may be used to indicate the temperature of the 
system provided some assumed rule is given correlating the thermometric property with the temperature. 
The simplest rule is to assume that equal temperature changes correspond to equal changes in the value 
of the thermometric property provided the other quantities upon which the thermometric property depends 
are held constant. This is equivalent to saying that the relation is linear (straight-line relation). Since 
two points are required to fix a straight line, so also are two fixed temperatures required to fix the tempera- 
ture-thermometric property relation. The two fixed temperatures are usually taken to be (1) the tempera- 
ture of melting ice under standard atmospheric pressure and (2) the temperature of boiling water under 
standard atmospheric pressure. These two fixed points are generally referred to as (1) the normal ice point 
and (2) the normal steam point. Unfortunately, temperature scales defined in this manner are, in general, 
different for each thermometric property of each substance used, except, of course, at the two fixed points. 
Gases under the proper conditions constitute an outstanding exception. The pressure of a gas at constant 
volume, or its volume at constant pressure, may be used as a temperature indicator. Under the appropriate 
conditions, these two thermometric properties of a gas give practically the same temperature scale for all 
gases (the gas temperature scale). 

By use of the laws of thermodynamics, it is possible to define a temperature scale, the Kelvin absolute 
scale, which is completely independent of the nature of the substance used as a temperature indicator. It 
is also possible to show that this temperature scale is identical with that given by an “ideal gas.” Since 
all gases approach the ideal state under proper conditions, all give practically the same temperature scale 
under these conditions. The so-called permanent gases such as hydrogen and helium are very nearly ideal 
over wide ranges of temperature and pressure. For these reasons the constant- volume gas thermometer 
(hydrogen or helium) properly calibrated is used to define a standard temperature scale which corresponds 
very closely with the Kelvin scale over a wide range of temperatures. For example, the constant- volume 
helium thermometer gives very satisfactory temperature readings over a range from —240 to 1000°C. 
From —100 to 200^C the deviation of the helium temperature from the Kelvin temperature is less than 
O.OOl^C and even at — 240°C the deviation is only 0.02°C. 

In this experiment the thermometric property used to indicate temperature is the pressure of a fixed 
mass of helium gas held at constant volume. It is assumed that the change in pressure of this gas is directly 
proportional to its change in temperature. This means that the relation between the pressure P and the 
temperature t of this gas must be linear. Hence 

t = aP -b b (const vol), (1) 

where a and b are constants. These two constants are determined by the two fixed points of the tempera- 
ture scale. Calibration of the gas thermometer is essentially the determination of these constants since 
then a temperature t may be calculated by Eq. (1) in terms of a measured gas pressure P. 

Suppose the bulb of the gas thermometer is immersed in an ice mixture and then in a steam bath. Let 
Pi and be the measured pressures of the gas (const vol) at these two temperatures U and Then by 
Eq. (1) 


ti = aPi + b, 
ta = OiP a “t" 
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rhese two equations solved sinuiltaneously for a and 6 give values which, when substituted in Eq. (1), give 





On the centigrade scale the normal ice-point temperature is taken as 0^^ and the normal steam point 
as 100®. This assumes a standard atmospheric pressure of 76 cm of Hg on the ice and on the steam. If the 
atmospheric pressure under which measurements are made is not standard, then the values of U and ts are 
not precisely 0® and 100®. It turns out that the ice-point temperature is not appreciably affected by small 
changes in atmospheric pressure, hence U may be set equal to zero even though the atmospheric pressure is 
not exactly 76 cm of Hg. This is evident from the fact that a change of 1 atm of pressure (76 cm ofHg) 
changes the melting point of ice by about 0.0075°C. On the other hand, the boiling point of water is quite 
sensitive to changes in the atmospheric pressure. Here a change of 2.7 cm of Hg in the atmospheric pressure 
changes the boiling point by 1°C. Hence the value of ts should not be set equal to 100® unless the atmospheric 
pressure is 76 cm of Hg. The value of ts for a large range of pressures is given in Table D, Appendix HI. 

For U = 0 Eq. (2) becomes 



Equation (3'^ is the fundamental equation for a constant-volume gas thermometer. If the pressures 
are measured in terms of the height of mercury columns, this equation may be further simplified. For 
example, the pressure P,- may be expressed in the form 

Pi = Hbdg + {hi — ha)dg. 


where Hb = barometer reading in centimeters of Hg, 

h, = scale reading in centimeters of the position of the mercury meniscus in the open tube of the 

manometer when the bulb is packed in ice, 

}i^ = scale reading in centimeters of the position of the mercury meniscus at the reference mark, 
d = density of mercury at room temperature, and 
g = acceleration of gravity. 

The pressures P and P, may be expressed in a similar manner. When these values are substituted in 
S k it becomes 

h — hi 


1 


t t>i 


hg — hi 


(4) 


Note that the barometer pressure has balanced out as well as the value of h„ in Eq. (4). But this will on y 
be the case provided and /i„ remain constant during the course of the experiment. Note also that no 
temperature corrections on the height of the mercury columns are necessary provided the room temperature 
remains practically constant during the experiment. The only reason for reading the barometer, as far 

as Eq. (^4) is concerned, is to determine the value of t,. 

Equation (3), when solved for P , gives 


P 


1 + 


P. - P 


Pit 


(1 + oipi) 


(5) 


8 


where 


Otp 


- = 


Its 


p,t. 


[Hb + {hi - ho)h 


( 6 ) 


a, is the temperature coefficient of pressure. Note that the barometric pressure is directly involved m 
‘loluU on t.e ce„..ade " 

"JadfsLti" uren “tL ^^rreTol^ centigrade acal. Hence the rdation between tbeeentigr.de 
temperature t and the absolute centigrade temperature T is obviously 
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On the absolute scale the pressure of an ideal gas is directly proportional to its absolute temperature as 
shown by Eqs. (5) and (7). 


Errors: There are two determinate errors in this ejcperiment for which it is possible to make corrections. 
The first of these arises because the volume of the gas is not held strictly constant during the course of the 
experiment, since the bulb expands or contracts with changing temperature. By a direct application of 
Boyle’s law it is an easy matter to show that the corrected pressure P' is related to the observed pressure P 
by the equation 

P' = P{1 + yt) (correction 1 ). 


In this equation y is the coelOScient of cubical expansion of the bulb and t is the temperature of the bulb. 
The reference volume is Vi, the volume of the bulb at 0 °C. 

The second constant error in this experiment arises because not all of the gas in the bulb is at the tem- 
perature of the bath in which the bulb is immersed. A small portion of the gas in the neck of the bulb outside 
the brass jacket is likely to be nearer room temperature than bath temperature. This gives an observed 
pressure which is too low if the bath temperature is above room temperature and too high if the contrary- 
condition occurs. The corrected pressure P" for this case may be worked out by use of the general gas law 
Let V be the total volume of the bulb of which a large part Fj is at the bath temperature (T) and a small 
part Fr is at room temperature Tr. Then the following equations may be written: 

PVt = n^RT, PVr = UrUTr, P"V = - nr)RT. 


In these equations is the number of mols of gas at bath temperature and tIt the number of mols at room 
temperature. If and 7if are eliminated from the third equation by use of the first two equations, then 



1 + 



(correction 2). 



When these two corrections are applied to all pressures that occur in the gas-thermometer equations, it may 
be shown that the right-hand members of Eqs. (3) and (4) should be multiplied by the factor 


1 + 



2737 -t- 


273 FA 

Tr Vp 



and that the right-hand member of Eq. (6) should be multiplied by the factor 


1 + 



2737 “i“ 


273 F 
Tr 




In these factors 7 is the coefficient of cubical expansion of the bulb, Tr is the absolute room temperature, 
and VrIV is the fraction of the total volume of the bulb exposed to room temperature. 

L#et us now examine the effect on t and on 0 :^ of making small errors in the measurement of A, At, and hs. 
We may safely neglect the error in since it is likely to be less than Furthermore it is certainly not 

necessary to consider errors in the correction factors ( 8 ) and ( 9 ) . Under these conditions the determinate- 
error equations corresponding to Eqs. ( 4 ) and ( 6 ) are 


and 


M ^ A{h - hi) _ A (A, - hi) 
t h — hi hs — h ^ 

Aap _ A(hs — A,) _ A[Hb — (At — ho)] 
otp hg h% H}} ~~ (At A^) 


( 10 ) 

( 11 ) 


The indeterminate-error equations may be got from these in the customary manner. 


Method: Adjust the manometer arms of the gas thermometer so that, at room temperature, the mercury 
level in the open arm is about in the middle of the scale. Since A is a linear function of t, this initial adjust- 
ment permits a range of temperature measurements extending both below and above room temperature by 
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fiinourits. Rg<ic 1 the liciglit of the ficlucicil mark on tHc scale. Record tins as ho. All 
adjustments in the experiment are made leaving this arm fixed and adjusting the height of the open tnanotn* 

eter arm. 

Read the barometer (see Note D, Appendix II). Record the temperature at the barometer. Correct 
the barometer reading by use of Table F, Appendix III. Use this corrected barometer reading to determine 

the steam-point temperature is (Table D, Appendix III). 

Pass steam through the jacket surrounding the glass bulb until thermal ecjuilibrium is reached. This 

may take 10 or 15 min. Raise the open arm of the manometer in order to bring the mercury level up to the 

fiducial mark. If the mercury level stays there after this adjustment, thermal ec|uilibrium bet^^een the bulb 

and steam bath has been reached; otherwise further adjustments are necessary. When a steady state is 

achieved, read the height of the mercury level K in the open arm. 

Detach the boiler and pack the brass jacket with cracked ice. Bring the mercury level to the fiducial 

mark by lowering the open arm. When thermal equilibrium obtains, read the height of the mercury level 

hi in the open arm. Remove the ice pack around the bulb by lifting out the inner bucket. Drain off any 

water left in the brass jacket. . , . , .1 n , .. / 

CAUTION; Before proceeding to the next part of the experiment (dry-ice ha.ui)y lower the open arm of 

the manometer at least 30 cm. It is essential that the mercury not rise above the fiducial mark; otherwise it 

might enter the bulb and freeze, causing considerable delay and inconvenience. Mercury freezes at 40 C, 

a temperature much higher than that of dry ice. -li. j • tit i 

Powder a quantity of dry ice, put the inner bucket in place, and pack it with dry ice. Wait several 

minutes for thermal equilibrium to be reached, then bring the mercury level in the closed arm up to the 

fiducial mark by carefully raising the open arm. Be very careful not to get the mercury much above the 

fiducial mark. When equilibrium is reached, determine h. • .u u IK K..IW. ,.n Failure 

Remove the dry ice. Then slowly raise the open arm as the gas pressure in the bulb builds up. Failure 

to do this may force mercury out of the open arm. 

By ^ of E,. W and « 

“:tCa'nmfer— need not be known .cc„«.e,.v; — 

will suffice Estimate the fraction of the total volume of the bulb exposed to e , abwlut. 

U thr^e ttaes the linear coefficient of expansion of the bulb. Since pressure, are proportmnal to abmlut. 

temperatures. 


P - P. r - 373 


Pi 


273 


and 


P. 

Pi 




373 

273 


Obtain the corrected values of t and ap. 

Hence calculate the indeterminate errors in t and a 


Estimate the errors involved in measuring h„ k, lu, h„ and Hi. 


Record: 

App. No — 

Barometer. 


Corrected barometer. 

Height: 

hn. 


/is- 

hi. 


Uncorrected 


t 


a 


At- 

Aa 


Ah 


Room Temp. 





— 

f * 


1 

_ 


Vr 

V 


Correction factors 


Corrected 


Abs Zero 




Experiment 22. 


Mechanical Equivalent of Heat 


Object: To determine the heat equivalent of mechanical energy, Joule’s constant. 


Apparatus: The mechanical equivalent-of-heat apparatus as shown in Fig. 22-1 consists essentially of a 
conical metal cup, Ay mounted in an insulated support which can be rotated by a hand crank; and a friction 
cone, By that fits into cup A. A flanged wheel, C, is attached to cone By and is weighted by a heavy metal 
ring, D, A cord is wound about the wheel C and supports a mass m. The friction cone B is hollow and 
contains water. Its temperature is determined by a thermometer, and it is kept in thermal equilibrium by 
stirring. The number of turns made by the conical cup is recorded on a revolution counter. 

Theory: Both heat and mechanical work are forms of energy, and hence a simple relationship exists 
between their units of measurement: the calorie and the erg. Most physical processes consist of the trans- 
formation of one kind of energy into another; in this experiment 
mechanical energy will be transformed into heat. Measuring both 
the amount of mechanical work W and the amount of resultant heat 
Hy the ratio between them mav then be determined: 

^ m * 


J = 


w 


( 1 ) 





1 


where J is Joule’s constant, the mechanical equivalent of heat. 

The weight mg exerts a torque on the friction cone B by means of 
the flanged wheel, C, just sufficient to prevent the cone from turning m 

as the conical cup beneath it is rotated. It is apparent that the same 
effect would be obtained by holding the conical cup fixed, and allow- I f 

ing the mass to fall through a certain height, thus rotating the fric- 
tion cone. This equivalent height is equal to the product of the 

circumference of the flanged wheel and the number of rotations of the friction members with respect to each 
other. Recalling that the work done by a falling body of mass m is given by mghy where h is the distance of 
fall, the mechanical work done against the friction is evidently 


Fig. 22-1. 


W = rngirdriy (2) 

where g = acceleration due to gravity, 

d = diameter of the flanged wheel (at the bottom of the groove), and 
n = number of revolutions of the conical cup. 

The amount of heat necessary to raise the temperature of the cup, friction cone, water, stirrer, and 
thermometer is 


H “ (J/w + Ms + d){T 2 ~ T^y 
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( 3 ) 
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EXPERIMENT 22: MECHANICAL EQUIVALENT OF HEAT 


whore M = mass of the water inside the friction cone, 

M = mass of the conical cup, the friction cone, and the stirrer, 

.s> = specific heat of the cup, cone, and stirrer, 
c — water ec|iii valent of the thermometer, 

T: = final temperature, and 
Ti = initial temperature. 

Sub.'titutmsr Eqs. ^-2) and (3) in Eq. (1), we may find the value of the mechanical equivalent of heat. 


"yfpfjiocl! \Veiiih the conical cup. the friction cone, and the stirrer (metal parts only). Add an amount 
of cold water (about 10° below room temperature) suflBcient to fill the friction cone nearly to the top of the 
tapered j'ortion, and weigh again to determine the mass of water added. Assemble the equipment, and make 
a brief trial run to determine whether the mass iti is supported steadily at a constant height while turning 
at a reasonable speed. If not, change the amount of oU between the friction members until the adjustment 
is satisfactory. A fair-sized mass should be supported by the turning so as to get rapid rise in temperature, 

thus decreasinc the errors due to radiation between the cup and its surroundings. 

WTien the abox e adjustment has been satisfactorily made, the temperature should still be several degrees 
below ^m temperature. If not, replace the water with some that is colder, and wait several minutes for 
the cones to assume equilibrium temperature. Record the reading of the revolution counter. Then begin 
to stir the water steadilv. and record its temperature each 30 sec for 3 mm. At this time begin to turn t e 
crank lifting the mass to some convenient height, and thereafter turn the crank steadily so that the mass 
remains at just the same height. Stir the water continuously, and record its temperature every 
When the temperature has risen as much above room temperature as it started below, stop turning, but con- 
tinue to stir the water and record its temperature every 30 sec for another 3 mm. , i- „ 

Record the diameter of the bottom of the groove of the flanged wheel, the value of m, the final rea mg 

of the revolution counter, and the volume of the thermometer which is below the 

water equivalent of tlie thermometer may be taken as 0.46 times the volume m cubic centimeters which 
immersed. 

.o, ea.h run, indicating room temperature bya dotted Una 

Take tempemtnre T, .L point on the curve just before starting to 

point on the curve. Substitute the proper values „r 

pare this with the accepted value of 4.18o X 10 ergs/cal. i..ompui.e 

include the standard value ? 

Record: Record your data in tabular form 


QUESTIONS 

1. Consider the following: flanged wheel not water spilltdSng the run, 

m, friction members not as cool as water at start o whether the item wiU cause an error 

mass TO not held at same height during the run. ^ whether the resulting value of J will 

in the results, whether the error is determinate or indeterminate, and whether 

be smaller or larger. Justify your answers. , u d Murine the experiment resulting in a 

2. Suppose that the oil hetween the friction “'“bersjiaj^'J^^r^DtcurfuUy. 

gradually changing friction. What effect on t e resu s wo . weight mg to counteract the friction 

3. Discuss a possible method of using a spring * ^ I jt), apparatus as used in the 

eaperiment. What precautions would need to be taken « indeterminate error in your 

result? - rita^d^^^^^^ r+ e) tier than’ dT., ATi. etc, in developing yonr error 

equation.) 


Experiment 23. 


Heat of Fusion 



Object: To determine the heat of fusion of ice. 




□ □ 





X 







Apparatus: Ice, calorimeter, watch, thermometers, balance, paper towels. The calorimeter consists 
of a metal cup which may be placed inside a larger vessel consisting of an insulated water jacket which sur- 
rounds the metal cup. (See Fig. 23-1.) The purpose of the water 
jacket is to insulate the calorimeter cup from the effects of drafts or 
sudden changes in temperature of the surroundings. 


Theory: The latent heat of fusion is the energy required to 
change a unit mass of a substance in its solid state to its liquid form, 
the temperature remaining constant at the melting point. When a 
substance makes such a change, it absorbs heat; when the reverse 
happens, heat is set free. 

It should be noted that the heat of fusion is distinct from the 
specific heat of a substance involving a change in temperature. 

In this experiment the latent heat of fusion of ice (the number 
of calories necessary to melt 1 g of ice at its melting point) is to be 
found. 

The method of calorimetry will be used; a mass of water will 
be placed in a calorimeter cup and the change in its temperature 
as ice is added and melted will be noted. The cup is placed in 
the insulating jacket. In order to counteract the effects of radiation 
of the cup, to and from the water jacket, the water in the cup will at 
the beginning of the experiment be a few degrees warmer than that 
in the water jacket, and enough ice will be added so that at the 
finish, the water in the cup will be an equal number of degrees cooler. 

Thus on the average, equal amounts of heat will be radiated from 
the cup to the jacket, and from the jacket to the cup, during the 
experiment. These amounts, then, may be ignored. 

Let M = initial mass of the water, 

= mass of ice added, 

m = mass of the calorimeter cup plus stirrer, 

s = specific heat of the cup and the stirrer (Table E, Appendix III), 

e = water equivalent of the thermometer (use 0.46 times the volume of the thermometer 
immersed), 

V = original temperature of the cup and the water, 

t = final temperature of the whole system, 

L = latent heat of fusion of ice. 




\ 


Fig. 2,3-1 


which is 
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experiment 23 


Heat lost equals heat gained. Thus 


heat of fusion 


t) + ms{t' - 0 + e{t' - t) = LM' + M’{t - 0). 
From this the latent heat of fusion is 


( 1 ) 


L = 


{M + ms 4- e){t' — t) — M't 


M' 


( 2 ) 


insW. .he water jacke. up„"„ .he I"' 

eter so that it is immersed 2 or 3 cm deep in the water Obtain a p ace, and insert the thermom- 

be the dimensions of such a piece.?), and place it on a oaner tZ \ ice weighing about 150 g (what will 

Take the temperature of the water to the nearest 0.1° everrsj seZoI-Z mi‘"' 

t'oweT as drZ^sTo^r (wlZ) pkZng U inlhecT''^ Z iceZuh a 

splaMng. Kotetbe «„e „( M the ice ie pieced in 7rjZ!°' n 

oal„rio.e.er cup and carefully weigh again to d“ LteX Zstf\TaTT bT^T'' 

weighing under the same conditions as the initial weighings were made usiZ the “ f " 

Repeat the experiment. ® ^ ® balance and weights. 

Plot a curve of temperature versus time for each nm The, i , 

should be a straight line with a slight negative slone ! ^ T ^ 

The .eurperafurc indicafed bj t ii"- ^ .r;eZ::7‘'S "Tf 

pass the curve through it. The minimum point on the curve represents tte tTJlrTtnre b 

error equation is approximately rements ot t t and M . Hence the determinatc- 


AZ _ ^{t' - t) 
L ~ ~t' - t 


^M' 

M' 


(3) 

given’'!" xlbleT Ip^ndt III"'' 

spiUed* toZnd difpose‘rf"Z^^ calorimeter cup. but not the water jacket. Wipe up any 


Record: 

App. No 

Weight of cup and stirrer 

Weight of cup and stirrer + water 

Weight of cup and stirrer + water + ice 

Material of cup and stirrer 

Specific heat of these 

Initial mass of water 

Mass of ice added 

Volume of thermometer Immersed 

Water equivalent of thermometer 

Jacket temperature 

Initial temperature 

Final temperature 

Latent heat of fusion 

Error in L 


Trial I 


Trial II 


= m 


= *9 

= M 
= M' 


gm = e 

= t 

= L 
= ^L 
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mi 



Heat lost equals heat gained. Thus 


M{t^ — “h — 0 "h “ LM' -f- M\t — 0). 

From this the latent heat of fusion is 




{M + ms + e){t' — M^t 

w 



Method: Weigh the dry calorimeter cup and stirrer to the nearest tenth ot a gram; add about 1600 g of 
water at a temperature approximately 5^ above jacket temperature, and weigh again. Place the calorimeter 
inside the v ater jacket upon the insulating base provided; fasten the cover in place; and insert the thermom 
eter so that it is immersed 2 or 3 cm deep in the water. Obtain a piece of ice weighing about 150 g (what will 
be the dimensions of such a piece?), and place it on a paper towel near the calorimeter ready for use. 

Take the temperature of the water to the nearest 0.1"^ every 30 sec for 3 min, stirring steadily. Then 
remove the cover, laying it on edge so as not to break the thermometer. Wipe the piece of ice with a paper 
towel as dry as possible (why ?) placing it in the calorimeter withovt touching the ice with the fingers and without 
splash ing. Note the time at which the ice is placed in the water. Replace the cover. This entire operation must 
not take more than 30 sec. Continue to stir and take readings every 30 sec. Continue in this manner for 
3 min after the ice has all melted as evidenced by the reaching of a minimum temperature. Remove the 
calorimeter cup and carefully weigh again to determine the mass of ice added. Be sure to make this final 


weighing under the same conditions as the initial weighings were made, using the same balance and weights. 

Repeat the experiment. 

Plot a curve of temperature versus time for each run. The initial portion of each curve (first 3 min) 
should be a straight line with a slight negative slope. In order to determine the temperature at the instant 
the ice Tsas added, extend this straight line to a point corresponding to the time at which the ice was added. 
The temperature indicated by this point is the temperature t\ Mark this point with a special symbol and 
pass the curve through it. The minimum point on the curve represents the temperature t. 

The error in L is primarily due to errors in the measurements of — t and Hence the determinate- 
error equation is approximately 


AL _ A(^' - ^) Alf' 

L t' ~ t i/' ‘ 


Find the two values of L and their errors. Average these values and compare with the accepted value 
given in Table L, Appendix III. 

Before leaving the laboratory, empty the calorimeter cup, but not the water jacket. Wipe up any 
spilled water, and dispose of wet towels. 


Record: 

App. No 

Weight of cup and stirrer 

Weight of cup and stirrer + water 

Weight of cup and stirrer + water + 

Material of cup and stirrer 

Specific heat of these 

Initial mass of water 

Mass of ice added 

Volume of thermometer Immersed 

Water equivalent of thermometer 

Jacket temperature 

Initial temperature 

Final temperature 

Latent heat of fusion 

Error in L 


Trial I Trial II 

= m 


ice 


== 

= M 
= il/' 


gm = e 


= t^ 
= t 

= L 
= AL 
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QUESTIONS 


1. If there is a constant error of 0.5®C in the thermometer used in this experiment, what error will this 
introduce into the value of i ? Explain. 

2. If the ice is wet when placed in the calorimeter so that the mass consists of 99% ice and 1% water, 
what constant fractional error would be introduced into the value of L ? 

3. What constant fractional error in L would be introduced by neglecting to take into account the water 
equivalent of the thermometer? Is this error significant in this experiment ? 

4. Why is it necessary to be careful about the weight determinations in this experiment? 


i 


I 


Expcrunent 2i. 


Hygrometry 



Object: To determine the dew point and the relative humidity of the atmosphere. 


r' ’ 


i'r; 

vUJ 


r > i v ! 



. ipparat : Dew-point appanitius. sling psychronieter, hygrodeik. 

Thenry: Ilven'imeln,- is the measurement of the amount of water vapor present in a given space. 
Aeo..rdinc to the law of partial pressures, the total pressure exerted by a mixture of gases is equal to the sum 
. ; the individual pressures which would be exerted if each gas occupied the same volume alone. In any 
jriven volume, therefore, Ihc vidiridual partial pressures are directly proportional to the amounts (i.e., the 

t 

the (jasts prestni. i • i • -i-i, 

Tlu' 'amount of water vapor which a space wiU contain has a maximum value which mcreases with 

■mrreasine temperature. Introducing more vapor than this saturation value, or decreasing the temperature 

of -pace which is already saturated, will cause the total amount of vapor to decrease, the excess being noticed 

in the form of condensation. The temperature at which this condensation begms is called the dew po»n . 

This phenomenon of condensation is manifested almost daily m most parts of the wor , m e 

.lew. fog. or rain. In these cases the air is nearly saturated, and a drop in temperature, or a moist wind 

KloWlFBE in. Causes droplets to form. r J.l. ^ wo+or vnnnr 

\ u,otul concept i. that o( rMre JtmM.f.,. which is defined as the ral.o 

, V present tn a given volnn.. tits MUe humidity) divided by the mass requtr^ to produce 

i..t .Lpemture.^Thus a relative humidity ol Ktor. indicates saturatton 

„ a mass of air reaches iU dew point, its relative humidity is 100%. T.bUs have ton p p 
awing the amount of water vapor nec«sary for saturation at various temperatures m terms P 

See Table D, Ap|>enclix III. ■ j*f,, Onp iq the dew-point method. 

There are two general methods of detenninmg the relative humidity. 

which depends on the fact that because of local cooling, condensation will 

.ban the dew point of lie atmosphere. The other is the -por already 

that the rate of evaporation of water into an atmosp ere ®P^ .® ^ . • approximately by the 

proient. It is found that the actual vapor pressure p m millimeters of Hg give pp 

simple equation ^ (1) 

jp = — 0.o0(^ twb 

where f nnd C nr. the dry- nnd wet-bulh temperntures respeCively. mid p. is die setumfed vapor pressure 
corresponding to Im- 

Method: Part 1. The Dew-point MeM. FiU t^^^^ Upon subjecting 

of ether, benzol, or other volatile liquid, an rep a cooling the rest of the liquid and the 

the liquid in the conUiner to a partial vacuum, some _ ^ begins to form on the bright surface 

eon Jner. Record the air temperature, f. ,^rflce t indicated by the inner thermometer, 

of the conUiner. record the te«re ° ^ and these remain at room temperature for com- 

Nickel surfaces are provided at eitHer siae oi uic 


; Vi 
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parison purposes, so that the slightest film on the container surface will be easily seen. Release the vacuum 
control, and allow the container to warm up. Record the container temperature the instant the dew dis- 
appears. If the cooling is stopped as soon as dew appears, the two values of the dew-point temperature 
should not differ by more than 1°C. Repeat several times, and obtain the mean value of the dew-point 
temperature. CAUTION: Keep as far away from the container as convenient; even the faintest breath 
you exhale will cloud the surface. Do not confuse this effect with that of the genuine dew point. When 
finished, return the unused liquid to the bottle. 

Since the water vapor in the atmosphere is not confined to a definite volume, its pressure will not change 
as the temperature is lowered. Therefore the saturation vapor pressure at the dew point will be the same 
as the vapor pressure in the warmer air. Another way of saying this is that until condensation actually 
starts, the amount of vapor present in a given mass of air at the dew point is the same as the amount in the 
same mass of warmer air. From Table D in Appendix III, the saturation vapor pressure at the dew point, 
(i.e., the actual vapor pressure in the atmosphere) can be found. Further, the saturation vapor pressure at 
room temperature can be found from the same table. The ratio of these two is equal to the relative humidity. 

Part II, Psychrometer Method, The apparatus consists of two thermometers mounted side by side, 
the bulb of one of them being covered by a cloth which is kept wet with distilled water. See Fig. 24-1. The 
instrument is swung about the handle so as to pass a current of air over the bulbs at a rate of about 3 m/sec 
a little over two swings per second). CAUTION: Stand clear of furniturey walls y and other persons; 
with proper care there can be no excuse for breakage ! 



Saturate the cloth with distilled water, and swing the instrument. Read both thermometers, and again 

whirl the psychrometer. Continue in this manner until the readings become steady. Record these steady 

values. Calculate the actual vapor pressure by use of Table D and Eq. (1). Determine the relative 
humidity. 

Part III, The Hygrodeik, This is a direct-reading instrument on the psychrometer principle. Direc- 
tions for its use are printed upon it. Like the sling psychrometer it reads correctly only when air moves 
past it at 3 m/sec. Fan it vigorously until the readings reach a steady value. Record the wet- and dry-bulb 

readings, and use the chart and swinging arm to find the relative humidity, the absolute humidity, and the 
dew point. 

Record: Pari /. Dew Point, 


Average 


Air temp, t 

\ 

Dew appears 

Dew disappears 









Vapor pressure 

Saturated vp 

Rel Humidity-, 
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Part 11. Sling Psychrometer. 



Wet hulh 

Drv hulh 




Wet and dry 



readings 







Average readings 



DifTerencx* 


Actual vapor pressure 


Sat vp 


'i 

j 

Rel humidity 


1 


Part 111. Hygrodeilc. 

Wet bulb 

Dry bulb 

Rel humid 


A1 )s humid — 

Dew point 

QUESTIONS 


1. Suppose Part II of this experiment is performed iu a perfectly dry room (p = 0). \\hat will Im- the 
reudiug of the wet-bulb thermometer if the dry-bulb thermometer reads (a) ^()°C. (b) as'’! ? Hint. I s,- 

Eq. (1) and Table D, 

2. What would have to be the temperature of a perfectly dry room {p = 0) for the value of /, to Ik- 

0°C? 


Instructions for Electricity Laboratory 



The General Instructions, Section D of the Introduction, hold equally for all experiments in the course. 
In addition, for electricity laboratories, the following points should be borne in mind : 

The equipment in electricity laboratories is in general more subject to injury than that used in other 
parts of the laboratory course. A very small mistake in procedure can result in severe damage. Thereforey 
the source of electric power is never to be connected into the circuit until the instructor has checked the wiring. 
When the source of power is a wall outlet, the plug is not to be inserted until the inspection has been made. 
If the power source is a battery (and this includes standard cells) neither wire is to be connected to the 

terminals before the inspection. Following this rule rigorously will prevent damage to equipment in most 
cases. 

Most items of equipment have their ratings shown clearly. These ratings must never be exceeded. In 
the case of meters, the ratings are shown by the full-scale readings. Rheostats have the maximum current 
marked on the name plates or stamped on the ends of their mounting boards. Other instruments have 
ratings shown on the name plates. When using a piece of equipment for the first time, look for these ratings. 
Read the notes in Appendix II if the apparatus is described there. Above all, be as well informed as possible 
about the experiment being performed before coming to the laboratory. 
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Experiment 30. 


Electric and Magnetic Fields 



s (1) To tD&p the ecjuipotentiftl lines of an electric field and hence determine the electric lines of 
ii)rce. To map the magnetic lines of force of a magnetic field and hence determine the traces of the 

equipotential surfaces. 

Apparatus: Electric-field apparatus consisting of battery, leads, electrodes, sensitized conducting paper, 
probes, and table galvanometer. Bar magnet, small magnetic compass, board, and paper. 

Th eory : Fields of Force, A field of force is simply a region in which forces exist. These forces may be 
electrical, magnetic, or gravitational in character. The strength or intensity of the field (electric, mag- 
netic, or gravitational) at any point is, by definition, the force in dynes acting upon a unit quantity (of posi- 
tive chart^e, of north pole, or of mass). For example, the strength of an electric field at a given point in 
space is slid to be six units if there is a force of 6 dynes acting upon a unit positive chap placed at that 
point. Since force is a vector quantity having direction as well as magnitude, it is clear that a field of orce 
Iho has direction as well as magnitude at any point. Its direction is just the direction of the force exer e 

upon the unit charge, pole, or mass. < # a is 

It b convenient to graphically represent a held of force by means of lines of force. A hne of orM 

iimplv the path along which the unit quantity (positive charge, north pole, mass) would move if it we 

Square centimeter) taken perpendicular to the lines as there are dynes of force acting 
quantity al that point. Thus, in the example given in field around this 

“ iTunl t' “epSVv ^^Tuam centimeter dmwn in the direcUon of the force. By this 

See :: ea^ "Uat boti the magnitude and the direcUon of Md ‘t “y 

.k convergent set of lines of force represents a field of “'^fthSent rSse the conventional char- 
a field of decreasing strength. It is important, of course, that the student recogniu 

acter of lines of force. They have no objective reality. 

Potential. Two diSerent points in a force field are said to Im^ a ^ 

required to carry the unit quantity (positive charge north ^le. ma H 

(4 if thU work is independent of the path be ^ these circumsUmees the term 

permanent magnets, gravitational masses, etc. required to carry our unit quantity between 

potential difference (P.D.) means the amount of work in ergs required 

the two points under consideration. • nf zero notential (frequently the point at 

If sLe one point in the field is chosen as a base P»“‘ fie dete^ined. This P.D. 
infinity), then the P.D. between this point and a.e field is. by definition. 

is simply called the potential of the other pom. i i^ to carry it from the base pomt to the 

the amount of work that must be done on the unit quantity m 

point in question. 
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Equipotential Surfaces. An equipotential surface is the locus of a set of points all of which have the 
same potential. From this definition it is evident that our unit quantity could be moved over such a surface 
without having any work done on it. But in order for this to occur it is necessary and suflBcient that this 
surface be everywhere perpendicular to the lines of force in the field. Thus, from a geometrical point of 
view, the equipotential surfaces in a force field are a set of surfaces which are everywhere perpendicular to 
the lines of force of the field. It is possible, therefore, to describe a field of force either in terms of a set of 
lines of force or in terms of a set of equipotential surfaces. In the case of an electric field it is generally 
easier in the laboratory to determine the equipotential surfaces than it is to determine the lines of force. 
In the case of the magnetic field just the opposite is true. 

Potential of a Conductor. If an electrical conductor, charged or uncharged, is placed in an electric field, 
the free charges within it will move under the action of this field until all points in the conductor reach the 
same potential. When this occurs further motion of the free charges will cease because then there will be 
no net electric field inside the conductor. This reasoning holds for hollow as well as solid conductors. 
Hence it is a usual laboratory practice to screen delicate electrostatic instruments from external electric 
fields by surrounding them with a wire screen or gauze connected to ground. 

Since all points of a conductor have the same potential when it is in electrical equilibrium, it is quite 
customary to talk of the potential of a conductor. Furthermore, it is clear that the surface of such a con- 
ductor must be an equipotential surface. This means, of course, that the electric lines of force always leave 
or enter the conductor at right angles to its surface. 

These conclusions cannot be applied to a magnetized body since magnetic conduction does not exist, 
i.e., there is no transfer of magnetic charge. 

Mapping Lines of Force and Equipotential Surfaces. As an example we show in Fig. 30-1 the traces 
of the lines of force and equipotential surfaces for two equally charged conducting spheres A and B whose 
centers are in the plane of the paper. Notice that no lines of force appear inside either conducting sphere 
and that the lines of force leave both spheres at right angles to their surfaces. Also note that the traces of 
the equipotential surfaces (dotted) are everywhere perpendicular to the lines of force and that the spherical 
surfaces of the two conductors are equipotential surfaces. 



The point 0 halfway between the centers of the two spheres is a critical (neutral) point at which point 
the intensity of the electric field is zero, i.e., a unit + charge placed there would have zero electrical force 
acting upon it and, therefore, would be in equilibrium. This equilibrium would be stable as far as motion 
along the line AB is concerned but would be unstable for motion perpendicular to the line AB. 

Method: PaH I. Electric F ield. The apparatus in this part of the experiment consists essentially of a 
piece of paper coated with colloidal graphite and mounted on the underside of a board. Two electrodes 
are put into contact with this paper at opposite ends of the paper. When a voltage is applied across these 
electrodes by means of a battery, charges flow between the electrodes across the resistance paper alone the 
lines of force of the electrical field established between the electrodes. Two metal probes attached to a 
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galvanometer may be put into contact with the paper at any two points on the paper. If these two points 
do not lie on the same equipotential line, a deflection of the galvanometer will occur; whereas, if they do, no 
galvanometer deflection will occur. An equipotential line may then be determined by fixing the position 
of one of the probes, and moving the other in such manner that no galvanometer deflection results. The 
second probe under these conditions traces out an equipotential line. By moving the first probe to a new 
position on the paper and repeating the procedure, a second equipotential line may be determined, etc. 

In order to record the positions of the equipotential lines, a piece of ordinary graph paper is mounted 
on the top surface of the board. Dummy electrodes and dummy probes are used on this paper which match 
the position of those on the resistance paper. Hence the equipotential lines on the resistance paper may be 
directly transferred to the graph paper. 

Clamp a set of electrodes and their dummies to the board and connect the electrodes to a 6-volt battery 
through a knife switch. Connect the probes to the galvanometer. Outline the dummy electrodes on the 
graph paper. Clamp one of the probes near one of the electrodes. Determine an equipotential line by 
moving the other probe in such a way that no galvanometer deflection occurs. Instead of attempting to 
get a continuous trace of this line, it is better to determine a set of points on this line by recording with 
small circles on the graph paper the successive positions of the second probe which give zero galvanometer 

deflections. 

When a sufficient set of points (five to ten) have been determined to locate one equipotential line, move 
the first probe to a new position farther away from the electrode and repeat the process. Continue until 
about 11 equipotential lines have been determined. These lines should be equally distributed over the entire 
surface of the paper. Special care should be exercised in getting the equipotential lines in the neighborhood 

of the electrodes. 

Remove the graph paper and the first set of electrodes. Replace them with a second sheet of graph 
paper and a second set of electrodes of different shape from the first set. Determine the equipotential points 

for this second electric field by the method given above. 

Draw smooth curves through the points of equal potential on each sheet of the graph paper. The.se 

curves are the traces of the equipotential surfaces for each field. With a red pencil draw a set of lines (lines 
of force) everywhere perpendicular to the equipotential lines. These lines of force should start on the 
positive electrode and end on the negative electrode. Indicate their directions by means of arrows. 

In this part of the experiment it is always possible to replace the battery with an au lo-osci a or an 
the galvanometer with a pair of headphones. In this case the sound emitted by the headphones will vanish 
when the two probes to which the phones are attached are on the same equipotential surface. The absence 
of sound from the phones replaces the absence of a galvanometer deflection as a criterion or equa po en la s. 

Part II Magnetic Field. The magnetic field which is to be plotted in this experimen^t is that due to a 

p. J.1. bar maV. and to the earth’s nragnetic held. The a* of the "a*"''; ^ « 
to the direction of the earth’s field but with the north pole of the magnet directed toward the south. 

smitb Dole of the magnet directed toward the north. Ro 

Determine the north-south line at your station by means of the Thelp^ 

the board, with the permanent magnet in the center of the board in such ^ Out- 

north pole of the magnet is directed toward the south. nolarity and the diLLn of the 

line the position of the permanent magnet under the paper an in i magnet and make dots as 

north-south line on this paper. Place the compass near -^'\f^^Vcolas“^ direction in which 

its north pole points until the south pole is above the dot „„til the series of dots 

points and indicate, by arrows, the direction of the field^ " t"\te elearlv represented on .11 

aeU, In a f «' “ ** 

’“r:/ w) "1 s.... pof.. a™, f.. .h. „agn.t. 
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Two regions will probably be found where the direction of the compass needle is indeterminate — points 

of neutral or critical equilibrium. These points are called neutral points because the earth’s field at these 

points is just balanced by the field of the bar magnet. The region in the neighborhood of these points should 

be mapped with considerable care. Since the field in this neighborhood is very weak, it may be necessary to 

gently tap the compass each time a direction is taken in order to overcome the effect of friction at the pivot 
of the compass. 

After you have mapped the lines of force of the magnetic field (black pencil), draw in the equipotential 
lines (red pencil). This may be done outside of the laboratory period. 

Record: The record of this experiment will consist of: 

(a) The graphs of the two electric fields and the one magnetic field properly titled and labeled. 

(b) A schematic drawing of the electric-field apparatus. 

(c) Answers to the questions given below. 

QUESTIONS 

!• Show that equipotential surfaces always cut lines of force at right angles in any field of force. 

2« Can two different lines of force or two different equipotential surfaces ever cross each other Explain. 

3. Are there any neutral or critical points in the electric fields such as are present in the magnetic field 
in this experiment? 

4. Would it be possible to produce a field such as that shown in Fig. 30-1 by means of the electric-field 
apparatus that you used in this experiment? If so, how would you do it? 

5. It may be shown that the strength of the field produced by a bar magnet at a point on its extended 

axis a distance r from the center of the magnet is approximately 2M/r^ provided r is fairly large compared 
to the length of the magnet. M is the magnetic moment of the magnet. At either one of the neutral points 
in Part II of this experiment must just be equal and opposite to the strength of the earth’s horizontal 

magnetic field. Taking the value of this field .as 0.17 oersted, calculate the magnetic moment M of the 
magnet used in this experiment. 


Experiment 31. 


Condenser Capacitance 



To determine the capacitance of two condensers, when taken singly and when connected in 
i* ' in series, by the comparison-of-deflection method with a ballistic galvanometer. 




ipparatus: Ballistic galvanometer, damping key, two paper condensers, one standard mica condenser, 
: lioiible-throw switches, dry cell. For a description of some of these items see Appendix II, 

Ul, 4; III. 4. 


* « 


Theory : Tln' capacitance C of a condenser is defined as the ratio of its charge Q to the potential differ- 
r itftwfcn its plates, that is, 

Q 


c = 


I 


( 1 ) 


<i> 


\V „.n U " expressed in coulombs and V is expressed in volts, then C is given in farads. A capacitance of 

1 farad is extremely large. It is customary, therefore, to express capacitance in 

microfarads, millionths of a farad. 

A simple and direct method of comparing the capacitances of two condensers is 
to compare their charges when both have the same potential difference across their 
plates. Suppose, for example, that a condenser of unknown capacitance C. is 
charged to a potential V thus accumulating a charge Q*. Similarly, a standard con- 
denser of known capacitance C, is charged to the same potential F, thus accumu- 
lating a charge Q.. Then from Eq. (1) we have 


K 


S. 


! 

_1 

iB 




■If 


C 




i4> 


A 


c. ^q. 

Co Q. 


(2) 


\[ 


If „o,r each condenser is discharged through a ballistic 
deHections (or throws) obtained will be in the same ,, 

II-H4 for the action of a ballistic galvanometer, inus jsq. j y 

the equation, 

Cr _D. (3) 

Co " d: 


c 


. 1 n a- Wianarp in order to determine Cx it is only 

nrhaarp D. and Do are the two deflections. Hence 

necessary to observe the deflections Z). and and galvanometer 

A sati-sfactory setup for determining C’., as Sj and S*. By appropriate 

G, damping key K, battery B, condensers Co and ^ d bl (assumed constant) and then 

manipulation of S, and S* either condenser may be charged 

discharged through galvanometer G. 
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Parallel and Series Connections, Two condensers of capacitances Ci and C2 may be connebted in parallel 
as shown in Fig. 31-2. The combined capacitance Cp of this parallel combination is 

* - , i 

Cp = Cl + C 2 (parallel), . (^) 

since the charges are added but the potentials are the same. 


c, 

■ Cl 

< I ■ ^ - ■! . — 


C^ 

Fig. 31-2. Fig. 31-3. 


Two condensers may also be connected in series as 
this series combination is given by the equation 


shown in Fig. 31-3. 


1 




(series). 


The combined capacitance of 



since the potentials are added but the charges are the same. 

The determinate-error equations corresponding to Eqs. (3), (4), and (5), respectively, are: 


AC. 

C. 





ACp — ACi “h AC2, 

AC. _ C 2 ACi Cl AC 2 

C. (Cl + C2)Ci ^ (Cl + C2)C2* 


(3a) 

(4a) 

(5a) 


Time of Charging, When a condenser is connected across the terminals of a battery, the charge Q on its 
plates at any time t is given by the relation, 

q = Qn.ax(l " (6) 

This relation indicates that full charge is only obtained after an infinite amount of time. However at the 
time t — RC the condenser is about 63% charged. If ^ is 10 times this value, we may assume that the con- 
denser is fully charged. The value RC is known as the time constant of the circuit. Here R is the resistance 
in the circuit and C is the capacitance. Generally RC is quite small, e.g,^ 10“® sec, hence instantaneous 
charging takes place for all practical purposes. Even if R is very large (10® ohms) the time constant of a 
1 -m/ condenser is only 1 sec. Thus one is generally safe in assuming that after 10 sec such a condenser con- 
nected across a battery will be fully charged. 


Method: Before attempting to perform this experiment the student should carefully read Appendix II, 
Notes F; Hi, 3, 4 concerning the type of galvanometer used. 

Make the connections as shown in Fig. 31-1 but do not connect the cell until the instructor has checked 
your wiring. Use either one of the unknown condensers as Cx and the standard 0.5-^/ condenser as the 
known Co. With both switches Si and S 2 open, adjust the reading telescope and scale on the galvanometer 
so that the cross hairs of the telescope coincide with the zero of the scale. Excessive motion of the gal- 
vanometer coil may be stopped by closing the damping key K. 

Connect Co into the circuit by means of switch S 2 and the cell into the circuit by means of switch Si, 
The cell is now connected across Co thus charging it. Allow this charging process to go on for about 10 sec. 
Sometimes a high resistance is connected in series with the cell in order to protect the galvanometer in case 
the cell is accidentally connected across the galvanometer. This may prolong the time required for com- 
pletely charging the condenser. 

Check the galvanometer to see that it gives a steady zero reading. Then reverse switch Si so that Co 
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is now connected across the galvanometer G. Observe the maximum deflection of the galvanometer in 
millimeters, estimating to a half millimeter. Repeat this process of charging and discharging C® using a 
longer charging time, say 20 sec. If there is no appreciable increase in the maximum deflection for the longer 
charging period of time, then the shorter charging period is sufl5cient and may be used in the remainder of the 
experiment. If, however, there is an appreciable increase in deflection for the longer period, it will be neces- 
sary to still further increase the charging period in order to find the proper minimum time. 

After observing and recording the deflection Do for Co, reverse switch S 2 so that C, is in the circuit. 
Charge and discharge using the same charging period as for Co- Observe and record the deflection /), 
for Cx- Then go back to Co- Proceed in this manner taking alternate readings of Do and Dx until five Do 
and four Dx readings have been taken. Record these readings and compute the average values of Do and /),. 
Estimate the error in each of these averages and record it with the average. 

Determine by means of Eq. (3) the unknown capacitance C*; also determine the error in C*. Assume 
that the error in Co may amount to as much as ± 1 % of the rated value. 

Replace Cx by the other unknown condenser and repeat the above procedure for determining its capaci- 
tance. 

Connect the two unknown condensers in parallel and insert this combination into the circuit as (\. 
Determine the capacitance of this combination and compare it with the value calculated by Eq. (4). In 
each case calculate the errors involved. 

Finally connect the two unknown condensers in series and insert this combination into the circuit as 
Proceed as above in the determination of capacitance. 


Record: Give apparatus numbers of galvanometer, standard condenser, and unknown condensers. 
Tabulate your data. Express your results in the following form: 


Item 



% error 


Condenser No. 1 
Condenser No. 2 
Parallel (exp) 
Parallel (calc) 
Series (exp) 
Series (calc) 


QUESTIONS 

1 . Develop the indeterminate-error equations for this experiment by use of the rules given in Section 
A4 of the Introduction. How do they differ from Eqs. (3a), (4a), and (5a)? 

2. If the galvanometer deflections in this experiment are too small for accurate measurement, how may 
they be increased without using a more sensitive galvanometer? 





Experiment 32, 


J outers Law 


Object: To determine the heat equivalent of electrical energy. Joule’s constant. 

Apparatus: Calorimeter, heating coil (about 1-ohm 20 nichrome wire), clock, thermometer, ammeter 
(#0 to 5 d.c.), 45-ohm rheostat with switch, dropping resistance (600-watt heating element), insulating board, 
source of 115 volt d.c. See Appendix II, Sections J2; Gl, 3 on the ammeter and rheostat. 

Theory: Energy exists in many different forms, and physical processes usually involve a conversion of 

one form of energy into another form. In this experiment electrical energy is converted into heat energy, 

and we wish to determine the number of joules of electrical energy that will produce 1 cal of heat energy! 

If W represents the electrical energy , expressed in joules for example, and if H represents the heat energy 

produced, expressed in calories, then the ratio of W to H is constant. This constant is represented by the 

symbol J and is frequently called Joule’s constant, or the mechanical equivalent of heat. In equation 
form 

T - ^ 

~H‘ ( 1 ) 


In order to determine J it is necessary to measure W and H. 

The amount of electrical energy W which is dissipated in the form of heat by a current / in a resistance 
R during a time t is given by the equation 


W = Vlt, 


( 2 ) 


where V is the potential drop across the resistance. By Ohm’s law, V = IR. We may substitute for V 
in Eq. (2) and get 


W = PRt. 


( 3 ) 


If I IS measured in amperes, R in ohms, and t in seconds, then Eq. (3) will give W in joules. 

Suppose that the heat generated in this resistance (heating coil) is measured calorimetrically by immers- 
ing the coil m a calorimeter cup fiUed with water. As a result the temperature of the calorimeter cup and 
Its contents will rise. This temperature rise may be noted on a thermometer immersed in the water and, 
hence, the amount of heat H given to the calorimeter may be computed. 

An appropriate setup for this experiment is shown in Fig. 32-1. It consists essentially of a calorimeter 
with stiirer and thermometer. The calorimeter cup is partially filled with water. The heating coil is 

immersed in the water as shown. This coil is connected through ammeter A, switch Sw, dropping resistance 
/iD, and rheostat Rh to the power supply (115 volts d.c.). 

J^Tien the circuit is closed electrical energy in the heating coil is converted into heat energy absorbed 
^ the calorimeter. The amount of heat absorbed by the calorimeter is given by the equation 


^ ~ {.Mxjo + McS + Me^{T 2 Ti)y 
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where H = heat in calories, 

Mv! = mass of water in grams. 

Me = mass of calorimeter cup in grams, 
iS = siiccific heat of cup, 

Me = water equivalent in grams of heating coil, stirrer, and thermometer, and 
Ti — T \ = rise in temperature in °C of calorimeter. 

The quantities on the right side of Eq. (4) may be measured and, thus, H may be determined. 
If we substitute the values of W [Eq. (3)] and H [Eq. (4)] in Eq. (1), we get 


J = 


PJit 


(Mu, + McH + - Ti) 


(5) 


The principal errors in this experiment occur in the measurements of I and Tt — T\. The determinate- 
error equation involving these quantities is 


AJ 2 Al 


AT 


J 


I 


+ 


AT I 


To - Ti ' Ti - Ti 


(5a) 


The errors in the masses, the resistances, and the time are negligible compared to the other errors in thi.s 
experiment. In addition there is the error, ever present in calorimeter experiments, introduced by heal 

+ 

= 0 :- 


115'' D.C. 




Rd 





heating coil 
stirrer 


Fig. 32-1. 


exchange between the calorimeter and its surroundings during the course of the experiment. Since t iis 
heat exchange is generally proportional to the time, it is advisable to reduce the time of an expenrnenta 
run to a minimum. Also it is advisable to have the initial temperature T i of the calorimeter as miic i h- ow 
room temperature as the final temperature Ti is above room temperature. In this way the net heat exc lange 
between the calorimeter and its surroundings during the experiment may be reduced to a minimum. 

« ft y m m 

^ A A V m ^ ^ ^ X I fl 


> VO 


It 


Method: Connect the apparatus as shown in Fig. 32-1 but do not plug in on the power line (11. 

d.c.) until the instructor has checked your connections. 

Weigh the calorimeter cup when empty and dry. Add cold water from e ‘JP **" ‘ , 

three-qufrters full, and weigh again. The water should be 3° or 4° indie the ther- 

calorimeter in the metal jacket and insert the Seating coil, «^er, and ^ ^ 

mometer with great care. It is easily broken and hard to replace. C K e ^ 

current by means of the rheostat to a value between 3 and 4 amp, limited ho 

the rheostat. Open the switch. the calorimeter from the heal radiated by 

Place the insulating board m such a position that it shields th 

the rheostat and the dropping resistance. , , ,, ^ tho nearest 0 1°. Start vour time and 

start stirring the water and after 30 see read *Xrometert erv thereafter' while ,.,irr,a, 

continuously. At the beginning of the third minute close ^he run by continual 

the thermometer. It is necessary to keep the current constant at this value g 
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adjustment of the rheostat. One student should perform this adjustment and record all data while the 
other stirs and reads the clock and the thermometer. The temperature will now begin to rise rapidly because 
of the heat supplied by the coil. Stir continuously and record readings on both ammeter and thermometer 
every 30 sec. When the temperature of the calorimeter has risen to a value approximately as much above 
room temperature as its initial temperature was below, open the switch immediately after reading the ammeter 
and thermometer. Continue to stir and to take temperature readings for an additional % min. 

Plot a time (abscissa) versus temperature (ordinate) curve. Indicate on this curve, along with the 
usual items, the room temperature and the exact times at which the current was turned on and turned off. 
The interval in seconds between these two times is the value of t in Eq. (5). For / use the average ammeter 
reading during the run. For Ti use the temperature of the calorimeter at the instant the current was turned 
on. For T 2 use the maximum temperature on the time-temperature curve. The resistance R of the coil is 
given. The water equivalent of the thermometer, heating coil, and stirrer may be taken as 6 gm. 

Compute by means of Eq. (5) the value of J in joules per calorie. Also compute the indeterminate error 
in J by use of Eq. (5a). Assume that the error in the ammeter may be ± 1.5% of full-scale reading and that 
the errors in Ti and T 2 may amount to +0.05^C. Compare your value of J with the commonly accepted 
value 4.18 joules/cal. 

Make a second run of this experiment. 


Precautions: 

1. Handle the thermometer with care. 

2. Do not turn on the current unless the heating coil is immersed in water. It may burn out otherwise. 


Record: 

App. No. Calorimeter 


Ammeter 

Heating coil 


Resistance of heating coil: 

R = 

( 

) 

ohm 

Mass of calorimeter empty: 

M, = 

( 

) 

gm 

Mass of calorimeter + water: 


( 

) 

gm 

Mass of water: 

II 

( 

) 

gm 

Specific heat of calorimeter: 

S = 

( 

) 

Water equiv of coil, etc. : 

II 

6.0 gm 



Room temperature; 


( 

) 

'’C 


Tabulate your time, temperature, and 
From temperature vs. time curve: 


Time of heating: ^ — i 

Initial temp of water: Ti — { 

Final temp of water: 3^2 = ( 

Experimental value of / : J — { 

AJ = ( 

Accepted value of J 
% difference ( 


current data. 

) sec 

) ^C 
) °C 

) joule/cal 
) joule/cal 
4.18 joule/cal 

) 


QUESTIONS 

1. What constant percentage error would be introduced into your value of J by failing to take into 
account the water equivalent of the thermometer, heating coil, and stirrer? 

2. If the thermometer you used had a constant error of 0.5°C, what error would this introduce in your 
value of J? 

3. What is the purpose, if any, of plotting a heating curve in this experiment? Would it not suflSce 
to take only two temperature readings? 

4. If the resistance of the heating coil was not known, how could a voltmeter be used in this experiment 
to complete the data? What change in equation (5) would result? 


Experiment 33. 


Electrolysis 



Object : To determine the electrochemical equivalent of copper by means of a coulometer. 

Appnrahuc Copper co\ilometer, ammeter, dropping resistance, rheostat, source of d.c., balance, heater, 
The circuit is set up as shown in Fig. 33-1. 


=D: 


1 1 5'' D.C. 



Fig. 33-1. 

Theory: Consider two copper plates immersed in a solution of CUSO4. The salt in solution is ionized, 
witli r'u** itnd SO4 ions present. If now a potential difference is established between the plates, the ions 
will move in the solution, the positive ions toward the cathode (cations) and the negative ions toward the 
.mode ( anions . WTien the copper ions reach the cathode, their charge will be neutralized by the acquisition 
of two electrons each, and they will be deposited on the cathode. The SO 4 ions will give up their excess 
electrons at the anode and combine with atoms of copper there, and then go into solution as CUSO4, to be 
ionized again. Thus the quantity of copper deposited on the cathode (or removed from the anode) depends 
on the quantity of electricity that has passed through the cell. For every two electronic units of charge, one 

atom of copper is deposited on the cathode. 

Faraday, in the days before the discovery of the electron, formulated his famous laws of electrolysis, 
that the amount of any substance deposited from a solution by an electric current is directly proportional 

to the size of the current and to the time during which the current exists. 


M = klU 


( 1 ) 


where 3/ “ number of grams of metal deposited, 

I = current in amperes, 
t = time in seconds, and 

k — proportionality constant, the electrochemical equivalent. 

This, of course, agrees with the conclusions of the ionic concept discussed above; the product o curren 

and time is charge. , . . -j i.* 

The value of the electrochemical equivalent may be computed from theoretical considerations, smce tlie 
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quantities that enter into it have been determined with good accuracy. Let e represent the size of the 
electron charge, No represent Avogadro’s number, and A represent the atomic weight of copper. 

Referring to Eq. (1), k is seen to represent the number of grams of the metal in question deposited by 
the passage of a coulomb of charge* For copper, it is required that coulomb be passed for each atom. 
For a gram atomic weight of copper, No times this amount must be passed. Thus the value of k for copper 
is seen to be given by 



It is to be emphasized that the coulometer is a quantity-measuring device, and is most frequently so used. 
In this experiment, however, it will be used to determine the electrochemical equivalent of copper. 


Method: Several precautions must be observed in this experiment. The electrolyte used is an acid 
solution of copper sulfate, commonly called “vitriol,” and is very corrosive; if it is spilled on skin or clothing, 
large quantities of water should be used to flood the areas. Further, only the copper plates used as electrodes 
are to be immersed in it, since it will attack and corrode the clamps holding the plates in place. When the 
experiment is at an end, the electrodes are to be washed in running water immediately. 

The electrolyte is to come within about 2 cm of the clamps of the electrodes; measure the area of the 
cathode (center electrode) taking into account both sides, and compute the proper current to be used — about 
20 ma/cm2. Make a short trial run, in order to adjust the current to the proper value. The cathode should 
be clean and free of oxide for this run. If necessary, it may be cleaned with a piece of sandpaper. After 
the trial run, clean the cathode carefully under running water, avoiding any roughness which may knock 
off some of the flaky deposit. Dry the plate by holding it a foot or two above a heater until no sign of mois- 
ture remains. Weigh it on the balance, obtaining as accurate a weight as possible. Note which weights 

are used so that the same ones may be used later to minimize errors in the weights. (The difference in weight 
is the subject of interest.) 

Replace the cathode in its holder, and begin the run immediately. The current should be kept con- 
stantly adjusted to the value chosen, and should be started and stopped accurately on the second. A 30-min 
run will sufl5ce for the first trial. Remove and wash as before, being extremely careful not to lose any of the 
deposit. Dry thoroughly, and again weigh carefully. Determine the mass of copper deposited on the 
cathode, and using this and the values of current and time, determine the electrochemical equivalent. Com- 
pare this with the accurate value (use four-place logarithms) computed from Eq. (2). The atomic weight 
of copper is 63.57 grams per gram molecular weight; see Table L, Appendix III, for values of e and No. Write 
the determinate-error equation corresponding to Eq. (1) as transposed to find k. Find the indeterminate 
error in your experimental value of k. Do the experimental and computed values agree within this error? 

Repeat the experiment once, making a longer run if time permits. 

Record: Tabulate all appropriate data and results. 


QUESTIONS 


1. What is the greatest source of error in this experiment? Give reasons for your answer. What are 
some other sources? Why is it desirable to make as long a run as possible? 

2. Assuming that the values given for e, Noj and A have an error of no more than two units in the last 

significant figure given, how accurately is the theoretical value for k for copper known? Is this significant 
in comparison with your experimental error ? 


3. How could this coulometer be used to standardize (calibrate) an ammeter? 

4. Suppose that two coulometers were placed in series, the first being a copper coulometer as used in 
this experment, and the second being a silver coulometer, using AgNOs as the electrolyte. Given that the 
atomic weight of silver is 107.88 gm/mole, in which coulometer would the greater weight of metal be deposited 
in 30 min with an average current of 2.00 amn ? What wiU be the difference in t.hf» pflHtfarl wp'ialifc? 



Experiment 3^. 


Ohm's Law: 

a 


Resistance of a Carbon and 
Tungsten Lamp 


•V 

(H>ject: To determine the resistances of a carbon and a tungsten lamp using an ammeter and a volt- 
meter. 


Apparatus: A-c ammeter (0 -1), a-c voltmeter (0 — 150), variable autotransformer, 100-watt carbon 
lamp, 100-watt tungsten lamp, mounted socket. 


Theory: Ohm's law states that 




where R is the size of a resistance in ohms, I is the current in amperes through the resistance, and E is the 
[M.tential difference m volts across the resistance. In order to avoid confusion when there is more than one 
resistance in the circuit, subscripts should be used with Eq. (1), which holds only when the subscripts on E, 

/, and R are all the same, e.g.^ 

Et = ItRt. 


In this way, the error of applying the total emf to only one particular resistance in the circuit, or some 
similar error, need never be made. 

The power P in watts dissipated by a resistance as a result of a current through it is given by the equation 

P = EI, 

where again £ is the potential difference in volts across the resistance and I is the current m amperes through 



Method: First read the following items in Appendix II for descriptive material about operation and 
precautions in the use of the various instruments listed above: Note J, Sections 1 and 2 on the voltmeter an 
the ammeters and Note G* Section 5 on the autotransformer. 


autotransformer 
IlS^A.C. I— 




Fig. 34-1. 

Conn«l tie circuit as shown in Fig. M-l, remembering the It dS”he 

Laboratory. When the instructor ha, checked the circuit and connected the power, take 

To 
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carbon lamp, recording the current for several different voltages in 10-volt steps, from 10 volts up to a 
maximum of 120 volts (the highest voltage being determined by the capacity of the ammeter). (Do not use 
voltages higher than 120 volts since the lamp will “burn out” rapidly at currents higher than that for which 
it is designed.) 

Repeat for the tungsten bulb. 

Note that the a-c meters used in this experiment read correctly when lying flat on their backs. 

Calculate the resistance of each lamp for each pair of current and voltage values. Calculate the power 
consumption of each lamp at each point. Compute the indeterminate error in R and in P for each of three 
representative points for each bulb. The error of each meter may be taken as +0.5% of the full-scale 
reading. 

On one sheet of graph paper, plot the resistance as a function of the current for each bulb. On a second 
sheet, plot the resistance as a function of the power dissipation for each bulb. 

Record: Arrange data and results in tabular form. 


QUESTIONS 


1. What do your curves show as to the relation between the resistance and the temperature in the case 
of each lamp ? WQiich of the two sets of curves shows this variation most directly ? Why ? 

2. In this experiment the ammeter reads the current in the lamp plus the current in the voltmeter. 
Wfliat error is introduced in the determination of the resistance of the lamp as a result of this “incorrect” 
reading of the ammeter? The resistance of the voltmeter is 10,000 ohms. 

3. Would it be better in this experiment to connect the voltmeter across both lamp and ammeter? In 
this case the voltmeter reading is “incorrect.” Explain. The ammeter resistance is 0.5 ohm. 




Experiment 35, 


Measurement of Resistance by the 
Wheatstone Bridge Method 



Object: To determine the resistances of two coils, when taken singly and also when connected in series 
and in parallel, by means of (1) a slide-wire Wheatstone bridge, (2) a dial-type Wheatstone bridge. 

.-Ipparatu^; Double resistance coil, dial resistance box, rheostat, switch, battery, galvanometer, slide- 
wire ^Mieatstone bridge, dial Wheatstone bridge. See Appendix II, Notes Hi, 2; G2 on the galvanometer 
and on the dial box. 

Theory: The resistance i? of a conductor is defined by Ohm’s law as the ratio of the potential difference 
V across the conductor to the current I in the conductor, i.e., R — V jl. If F and I are expressed respec- 
tively in volts and in amperes, then R will be expressed in ohms. 

There are several different methods available for measuring resistance. The most direct method is the 
ammeter-voltmeter method as used in Experiment 34. For accurate measurements by this method the 
ammeter and the voltmeter must have appropriate ranges, they must read correctly, and the resistance of 
one of them must be known. 

The \Mieatstone bridge method, used in this experiment, possesses distinct advantages over the ammeter- 
voltmeter method in that it is both a null and a comparison method. The unknown resistance is compared 
with a standard known resistance by getting a zero (null) deflection in a galvanometer connected in the bridge 
circuit. 

The slide-wire WTieatstone bridge, as shown schematically in Fig. 35-1, consists of a uniform resistance 
wire, usually 1 m in length, stretched between points A and B, The unknown resistance X is connected 
between A and D and a dial resistance box R is connected between B and D. A battery, with switch Sw 
and rheostat Rh connected across AB^ furnishes current for the bridge. A galvanometer G is connected 


D 
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between an ^ y means of a sliding contact, the pciiition of pejint T is variable and may be anywhere 

in the in ter va . , one terminal of the galvanometer may tie connected to any point on the bridge wire. 

\\ len t e mattery ^ cloierl, current will exL^t in all amij of the bridge including the galvanometer 

arm. owever it is pfissi > e, under normal comlitiori:), to find some one po'tition C for the slider on the 

bridge wire sue t at the current in the galv'anometer arm L» zero, i.e., the galv'anometer deflection will f>e 

zero when crmtact is made with the bridge wire at this point. Tnder thU comlition the bridge is said to be 
balanced. 

Since for a balanced bridge the galvanometer current is zero, it follows from Ohm*s law that the potential 

difference l>etween I) and C must l>e zero. Hence the fx^tential difference between A and D must equal that 

iMjtween A and and the potential difference l>etween I) and H must e<|ual that between C and /f. 

\ Art 1 1 Ik, the current in X and in H ^why l*i this current the same.^j and let It l>e the current in the bridge 

wire. Further let tU l>e the resistance of the bridge wire Ijetween A and t\ and let Htu be the resistance 
of the bridge wire l>etween V and ti. Then, 


hX = IJi^ 


and 


/|/f ~ IzHcb. 


If we divide the first equation by the secoml and solve for X, we get 


V = n 
n , « “• 


(1) 


Since the bridge wire is as.sumed to lie uniform, it follows that 


Kac _ length A( L 

UcB length (’ll lOi) — A 


where A is the length in centimeters of the section .If'. 
Kquatioii (1; may tlien l>e written in the form 


It is as .suriied that the wire is HM) cm long. 



^rhe error equation corres|>4>ndiiig to Fq. is 




} 


A A ^ A/f 100 AA 

.V n floo - LAL) 


It may 1 h* shown that the coefficient of AA in this equation has a minimum value when A = 50 cm, i.r., 
when the balance p^iint Is at the center of the bridge wire. Hence the fractional error in X is reiluced to a 
iiiininium when the bridge is balanced in this manner. This means, of ciiurse, that H should Ik? chosen as 
nearly equal to -V as fsissible for greatest accuracy. 

Ki|Uation iii) enables us to compute the value of X in terms of a known reHistance It and the p^isition 
of the balance point on the slide-wire. A very wide range of resistances may Ik? measured by this method, 
I.#., resistances ranging from one to several thousand ohms, provide*! t!iat one Iua* a variable iitamlard /f. 
For the measurement of very low resistances or very high resistances, the brhlge niethiKl must Ik? modifie*!. 

In a balanced Wheatstone bridge it Is p*issible to exchange the p^isitioru of the Imttery ami of the gal- 
vanometer without disturbing the l>alance etjuation. (Jan you prove thls.^ However, analysis shows that 
the bridge is more sensitive when the galvanometer, rather than the battery, is connected lietween the junc- 
tion of the high-resistance arms and that of the low-resi^ance arms. In this case ami It are the high- 
reststauce arm<¥. It can also be shown that the sensitivity of the bridge increaj»es with increasing battery 
current. However, it is necessary to keep the current in the arms of tlie briilge from excee«ling the current 
capacity of the arms. 

hF Kills \ Ml PAKiLLKL CO > >' K CT Ml V S 


When two resistances are connectwl in scrie*, as 
by the equation 


shown in Fig. the combinnl resistance A, Is given 




A'l ^ Xt 


(i€fie«;. 
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EXPERIMENT 35: 


MEASUREMENT OF RESISTANCE 


When two resistances are connected in parallel, as shown in Fig. 35-3, the combined resistance jT- i 
ffiven bv the equation 


IS 


X 


= - 5 - + ^ 

X, ^ X 


(parallel) . 


( 4 ) 


X, 

AAAM 


^2 

vm 



Fig. 35-2. 


Fig. 35-3. 


The corresponding error equation for this case is 


AX, 

X, 


Xz AX 1 


+ 


Xi AX. 


Xi -h Xz X, ' Xi -h Xo x. 


(4a) 


In the dial \Mieatstone bridge, the bridge wire is replaced by a set of ratio coils so that the ratio Rac/Rcb 
is given directly on a dial as some decimal multiple of 1 such as 0.1 or 100. If this ratio is represented by Q, 
then Eq. (1) becomes 

Z = RQ. (5) 

By varying R and Q a wide range of X may be measured. In this type of bridge the ratio coils and the 
variable resistance R are contained in a single box with dials for reading R and Q. There are three sets of 
terminals on the box for connecting the battery, the galvanometer, and the unknown resistance. In some 
types the galvanometer and the battery are incorporated in the bridge so that one needs only to connect in 
the unknown resistance. 


Method: Part /. The Slide-wire Bridge. Examine the bridge and note how it may be utilized to conform 
with the schematic diagram in Fig. 35-1. For example, points Ay By and D in the diagram correspond in 
the real bridge to heavy metal strips with negligible resistance. Connections may be made at any of the 
terminals on these strips. 

Connect the unknown resistance Xa and a dial resistance box to the bridge by means of short heavy 
leads. The unknown resistances consist of a set of two resistors, a and 6, with independent terminals. 
Be certain that all the connections are tight. Loose connections are the cause of much trouble in electrical 
measurements. Make all the other connections called for in Fig. 35-1 except the two connections at the battery . 
Have your instructor check your setup before making the connections at the battery terminals. 

After all connections have been made, set the rheostat at about 40 ohms, set the dial resistance box at 
10 ohms, depress the low-sensitivity button, L, on the galvanometer, and close the battery switch. Set the 
slider near the one end of the slide wire, e.g.y at the 5-cm mark, and momentarily depress it to make contact 
with the wire. Ordinarily a large deflection of the galvanometer will occur to right or left. Raise the slider, 
move it up scale about 10 cm, and try again. The galvanometer deflection should be smaller, thus indicating 
that you are moving the slider toward the balance point. Continue this process until t e ga v^ometer 
deflects in the opposite direction indicating that you have passed the balance point. Reverse ^ 
of motion of the slider and, using smaller intervals, seek the balance point. In the immediate neighbor oo 
of the balance point it will be necessary to use the high sensitivity range of the galvanometer by depressing 

the process do not scrape the slider along the wire, and do not press it down with 

such force that it dents the slide-wire. . 1 . 1 . u 

In case you are not able to find a balance point anywhere on the slide-wire either 

vanometer deflections are always in the same direction or because there is no ga vanome er e e 

for an open circuit or a loose connection. If this fails, call the instructor. to the 

After you have found this preliminary balance point, note the position o e s i er ^ ^ ^ ^ 

center of L bridge wire. If it is more than 10 cm away alMu 

balance point within 10 cm of the center of the bridge wire. J 
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value of Xa is to be obtained as indicated in the theory of this experiment. Determine the position of this 
final balance point C as accurately as possible by using the high sensitivity range of the galvanometer. 
Make an estimate of the error in the position of this balance point by finding how far the slider may be moved 
away from this balance point without giving a noticeable galvanometer deflection. Record i(= AC)j 
100 />( CR)> the final reading of the dial box /?, and the error in the balance-point position L, Ry use 

of Eqs. (2) and (2a) determine the resistance Xa and the percentage error in Xa* The percentage error in Ft 
may be taken as 0.25%. 

Proceed in a similar manner to determine the resistance of the second resistor, the resistance of the two 
resistors in series, and the resistance of the tW'O resistors in parallel. Also determine the percentage errors 
in each case. 

Make a second determination of each of the above resistances by reversing the positions of X and It 
in the bridge. Use the same value of R for each resistance that ^vas used in the first determination. Note 
well that the reversal of the positions of X and li in the bridge will produce a new balance point on the 
bridge wire which will fall on the opposite side of the center from that of C and at very nearly the same dis- 
tance from the center. For this reversed position of X and /{, balance equation (2) must be modified to 
read 

100 - 


X = 


L' 


where = AC' and 100 — L' = C'B, It is highly advisable that the student redraw^ Fig. 35-1 with X 
and R reversed in positions and develop Eq. (2'). 

Compute the average value of these two determinations for each resistance and use these averages as 
your final result for measurement of resistance with a slide-wire WTieatstone bridge. 

Check the series and parallel resistances against the values calculated by use of Eqs. (3) and (4), They 
should check within the limits of the errors in each case. 

Part II. The Dial Wheatstone Bridge. Use the dial bridge to remeasure all of the resistances used in 
Part I of this experiment. Set Q in these measurements to a value such that four significant figures are 
obtained for X. In each case estimate the error in the setting of R for a balance and compute the correspond- 
ing percentage error in X. Assume that the error in Q is negligible. 


Record: Give the apparatus numbers of the resistance a and 6, slide-wire bridge, galvanometer, dial box, 
and dial bridge. Tabulate your data. Express your results in the following form: 


1 

Item 

Slide- wire bridge 

Dial bridge 

! 

% difference 

X (avc) 

% error 

X 

% error 

Resistance a 






Resistance h 






Series (exp) ’ 






Series (calc) 






Para llel (exp) 






Parallel (calc) 







QUESTIONS 

1 * Show that it is possible to interchange the positions of the battery and gaKanometer in Fig. 35-1 
without changing balance equation (2). 

2. Show that the coefiBcient of L in Eq. (2a) has a minimum value when L = 50. (Calculus required.) 
3* Develop the error equation (4a) by applying the rules given in Section A-4 of the Introduction. 

4 . If d equals the shift of the balance point to the left in Fig. 35-1 when X and R are re\ ersed in position, 
show that X/R = (100 + d)/(100 - d). 



Experiment 36. 


Galvanometer Sensitivity 



Object: To determine the current sensitivity of a galvanometer. 

Apparatus: Reflecting galvanometer (approximate resistance 150 ohms), two dial resistance boxes, 
one low resistance shunt, damping key, reversing switch, voltmeter (0 to 3), and battery. See Appendix II, 
Notes Hi, 3; Jl; G2, T concerning the galvanometer, voltmeter, dial box, and reversing switch. 

Theory: The current sensitwity of a galvanometer is the current in amperes necessary to produce a unit 
deflection on the scale. If the scale is in millimeters and at a distance of 1 m from the galvanometer, this 
sensitivity is called the figure of merit of the galvanometer. In this experiment the current sensitivity will 
he considered to l>e the current in amperes per millimeter deflection at the fixed distance of the mounted 
scale, in this case 50 cm. Since the galvanometer is constructed so that the scale reading d is very closely 
pro|X)rtional to the galvanometer current the current sensitivity K will be given by the relation 




( 1 ) 


■V 

Hence it is only necessary to observe the deflection d corresponding to a known Ig in order to determine K. 
Howt ver, the galvanometer currents which wdll give satisfactory deflections are extremely small — of the 
r.rdcr of ICT' amp in this experiment. Thus it is necessary to use special methods in order to obtain and to 

determine these small currents. 

The arrangement that is used to accomplish this purpose is shown in Fig. 36-1. In this figure G is 
the gal vanometer, DK a damping key, D a dial resistance box, S a low-resistance shunt, R a dial resistance 



^ V 


B 



Fig. 36-1. 

box, Sw a reversing switch, V a voltmeter, and B a dry cell. When the . j-ggistance. 

batterv' sends a small current I through the main circuit since R is set at a relative y ig assing the 

But o^ly a small fraction of this main current passes through the galvanometer, most of it hy-passmg 

galvanometer through the low-resistance shunt S. 
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Galvanometer Current, Let the symbols /f, Z), and S represent the actual resistances of the two dial 
boxes and the shunt. Let G represent the resistance of the galvanometer. Let V represent the potential 
difference impressed across the main circuit, i.e,y the reading of the voltmeter, when the battery is supplying 

current. By Ohm’s law the current I is equal to V divided by the total resistance of the external circuit. 
This total resistance is 


hence 


li- 


S{G + D) 

S + G + b' 


R 4 - + D) 

S + G + D 



Also it is clear that the potential drop across S must equal the sum of the potential drops across G and D. 
Hence, by Ohm’s law, 

Ig(G + D) = /.(S) = (/ — Ia)(S), (3) 

* 

where I, is the galvanometer current, is the current in S, and I is the current in the main circuit. Let us 
solve Eq. (3) for I,, substituting for I its value given by Eq. (2). We get 



S j 8 T 

8 G D (S+G + Z))„ S{G + D) 

‘ ^ 8 -\-G + D 


SV 

in + S)(G + D)+ RS 



Since S has a value of only a few tenths of an ohm as compared to several hundred ohms for R and G + Z), the 
above expression for Ig may be reduced, without appreciable error, to the expression 

r _ SV 

R(G + D)' 

means of Eq. (5), the galvanometer current may be determined provided S, D, R, G, and F are known. 

D and R are dial-resistance-box readings and hence are known, the value of the shunt resistance jS is stamped 

on its base, and F is the voltmeter reading. However, the galvanometer resistance G in this experiment is 
not given and must be determined. 


Galvanometer Resistance. The method of determining G is as follows : Set X> = 0 and adjust R until a 
reasonable galvanometer deflection occurs, say about 100 mm. Call this deflection d,. hJow increase R to 
about 150 ohms, leaving R unchanged. There will be less current in the galvanometer and its deflection will 
decrease to some value d\. Since virtually a constant potential is applied across the galvanometer circuit 
(G + U) in this process, it follows that 


Hence, 


(G + 0)do = (G + D)di. 


G = D 




This method of determining the resistance of a galvanometer is sometimes called the “partial deflection 

method.” It is an easy and convenient method to use but will only give satisfactory results provided S is 
very much smaller than G. 


Galvanometer Sensitivity. We are now in a position to determine the galvanometer sensitivity. It is 
just the ratio between Ig and the corresponding galvanometer deflection d, and is given by the equation 

_ SF 1 

d R(G + D) d C') 


Error Equations. The determinate-eTTor equation for the galvanometer resistance G may be obtained 
from Eq. (6) in the customary manner. It is 

AG _ AD do /Adi Ado\ 

Q D^do-d\di X/ 

It is advisable to make d-i about half the value of do. 
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The deiermi7iate-eTTor equation for the galvanometer constant is 

AK _ AS AV AR AG + AD Ad 

K F R G + D T' 

The errors in /i, S, and D may be taken as ±0.25% each. The error in V may be taken as ±1% 
of the full-scale deflection of the voltmeter. 

Method: Make the connections as shown in Fig. 36-1 except for the battery connections. Have the 
instructor check your wiring before making these connections. Be certain that all connections are tight, 
especially those at the shunt S. Poor connections here may lead to a burned-out galvanometer. Why? 
Adjust the galvanometer so that the scale reading is zero. 

Pari L Determination of Galvanometer Resistance. Set R at its maximum value (about 10,000 ohms), 
set D = 0, close the damping key Ky and then close the reversing switch Sw. The battery is now in the 
circuit but no deflection of the galvanometer should be observed since it is “shorted out” by the closed damp- 
ing key. Any appreciable deflection of the galvanometer under these conditions is a danger signal that some- 
thing is wrong with the circuit and the reversing switch should be opened immediately, disconnecting the 
battery. If, however, no galvanometer deflection occurs, the damping key may be opened momentarily. 
There should then be a small deflection of the galvanometer which may be rather slow because of large damp- 
ing. If this occurs the damping key may be left open. Decrease R carefully until the steady galvanometer 
deflection is about 100 mm. This is the deflection do. Read and record this deflection, estimating to a half 
of a millimeter. Next increase D from 0 to 150 ohms, leaving R unchanged. The galvanometer deflection 
should now decrease to the value di — about one-half of its original value. Read and record this value. 
Compute, by means of Eq. (6), the galvanometer resistance G. Also compute by use of Eq. (6a) the inde- 
terminate error in G, 

Part II. Determination of Galvanometer Sensitivity. Allow D to remain constant at 150 ohms during 
this part of the experiment. By carefully varying R, obtain a set of corresponding galvanometer deflections. 
Choose R so that the deflections are roughly 30, 60, 90, and 110 mm. For each value of R get deflections in 
both the red and black portions of the scale by use of the reversing switch Sw. Be certain that the volt- 
meter is reading during this process. Record the values of R and of d, along with R, S, and V. Compute 
by means of Eq. (7) the value of K for each R. Also compute the indeterminate error in R by use of Eq. (7a). 

These values of K should be constant within the limits of the errors. 


Record: 

App. No. Galvanometer 

Shunt 

D res box 

R res box 

Voltmeter 

Part I. 

D = 150 ohms 

do = { ) mm 

di = ( ) mm 

0 = ( ) ohms 


^do ~~ Adi ( 

AG = ( 


) mm 



s 


G = ( ) ohms 

V = ( ) volts 

S = { ) ohms 

D = 150 ohms 


jPart II. 
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R, ohms 

Red, d, mm 

Black d, mm 

Ave d, mm 

amp 

mm 

1 

% 

3 

4 






Ave 


QUESTIONS 

!• What is the relation between the current sensitivity K of the galvanometer as obtained in this experi- 
ment and the figure of merit of the galvanometer? 

2. What constant percentage error is introduced into the value of K by using Eq. (5) instead of (4) for 
7^? Use typical values of S, F, ii, G, D in computing this error. 

3. How could the setup for this experiment be used to determine an unknown low resistance, if K for 
the galvanometer is known? 

4. Why is it necessary for S to be much smaller than G in order for the “partial-deflection method “ 
to work? 


Experiment 37. 


Potentiometer 



Object: To measure with a slide-wire potentiometer the emf of two different cells when taken singly and 
then when taken in opposition. To determine the error in a laboratory voltmeter when it reads 1.00 volt by 
determining the “true” potential difference with the potentiometer. 

Apparatus: Slide-wire potentiometer, storage battery, rheostat and switch, double-pole double-throw 
switch, standard cell, two unknown cells, table galvanometer and tap key, two dial resistance boxes, volt- 
meter. See Appendix II, Sections Hi, 2; G6; Jl for descriptions of the galvanometer, standard cell, and 
voltmeter. 


Theory: Although the most direct and convenient method of measuring a potential diflFerence is by 
means of a direct-reading voltmeter, this method has the distinct disadvantage that the voltmeter draws 
some current in the measurement. In doing so it changes, materially in many cases, the potential difference 
which one wishes to measure. 

The potentiometer method of measuring potential difference avoids this difficulty since the potentiometer 
draws no current when it is balanced for a reading of potential difference, i.e.y the method is a null method. 
It is also a comparison method because the unknown potential difference is compared with the known emf 
of a standard cell. As a result, very precise and accurate determinations of potential difference can be made 
with this method. 

In one of its simplest forms, the slide-wire form, the potentiometer consists of a long uniform wire AB 
in w’hich a constant current I is maintained by means of a battery connected to the ends of the wire. See 
Fig. 37-1. There is thus a uniform drop in potential along the wire as one goes from the positive terminal 

of the wire A to the negative terminal B. 




Fig. 37-1. 

Suppose that a standard cell of known emf E„ and a cell whose emf is to be 
nected as shown so that either positive pole may be connected throng 1 1 e c ou ’ ^ ® 

negative pole may at the same time be connected through the galvanometer i o P 
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wire. Consider the standard cell to be in the circuit first* It will be possible to find some point S along the 
slide-wire such that the drop in potential along the wire from A to S is just equal to Eg, i.e., provided Eg is 
less than the total drop in potential from A to B, If then the galvanometer circuit is closed at this point S 
by means of a sliding contact, there will be no current in the galvanometer and standard cell because the emf 
of the standard cell just ‘‘balances the potential difference from A to S, Under these conditions the poten- 
tiometer is said to be balanced for the standard cell and Eg = V as. By Ohm’s law Vasj the potential drop 
from A to jS, is equal to IRas where Ras is the resistance of the bridge wire between A and S. Hence 

Eg = IRas. (1) 

In a similar manner we may consider Ex to be connected in the circuit. There will be a point X on 
the wire for which V ax just equals Ex, provided Ex < Vab. Hence 



If we divide Eq. (2) by Eq. (1) and solve for Ex, we get 



( 2 ) 

( 3 ) 


since R is proportional to length L for a uniform wire. 

Equation (3) enables us to determine Ex in terms of Eg and the ratio Lx/Lg. Eg 
lengths, Lx and i,, may be determined experimentally by “balancing” the potentiom- 
eter, i.e,y finding points S and X for which one obtains zero galvanometer deflections. 

When two cells are connected in opposition, as shown in Fig. 37-2, the combined 
emf is the difference between the separate emf’s, i.e,. 

Ex — El E 2 . ( 4 ) 

The positive terminal of this combination is the positive terminal of that cell which 
has the larger emf. In the figure shown it is assumed that Ei is greater than E^. 


is known and the two 


- i 


+ 

A 

1 — 1 

+ 


I t 



E| Ea 


Fig. 37-2. 


Calibration of Voltmeter. The potentiometer may be used to calibrate a voltmeter and is often so used. 
It is only necessary to determine the potential difference across the terminals of a voltmeter with a poten- 
tiometer, and to compare this potential difference with the voltmeter reading. Suppose the voltmeter V 
is connected to a battery B through a variable resistance R as shown in Fig. 37-3. The voltmeter reading 

may be varied from 0 to almost the full emf of the battery by adjustment of R. If at the 
same time the potentiometer reading across V is taken, the two values may be compared. 

Error Equations. The determinate-error equation corresponding to Eq. (3) is 



E. 


AEs AL, 
E . 


AL 


(3a) 

p 

Generally the error in E. is much smaller than those in and in i,. Hence, in this experi- 
ment, this error may be neglected. 

Standard Cell. The standard cell used in this experiment is of the Weston unsatu- 
rated type. See Appendix II, Section G6. Its emf is given on a tag attached to it. It 

should be handled with great care. To prevent changes in its emf it should never be used 
to supply currents in excess of 10“^ amp. 


Fig. 37-3. 


Method: Preliminary. Make the connections as shown in the upper part of Pig. 37-1 (line AB and 

above). Connect the voltmeter between the terminal A and the slider 5. Set the slider at point F. Close 

the battery switch and note the reading of the voltmeter. Adjust the rheostat until this reading is well 
over 1.5 volts. Note the voltmeter reading. Now set the slider at position A and note the voltmeter 
reading. Move the slider 20 % of the length AB and again note the voltmeter reading. Repeat this process 
for slider positions at 40, 60, 80, and 100% of the length AB. Observe that the voltmeter readings increase 
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uniformly with the length AS and are in fact directly proportional to this length. This means that there 
must be a uniform drop in potential along the wire from A to B, any portion of which may be “tapped off” 
by use of slider S. Disconnect the battery and remove the voltmeter from the circuit. 

Part /. E}}if of Celh, Complete the connections as shown in Fig. 37-1 but do not connect in any 
battery or cell until the instructor has checked your wiring. This is especially important for the standard 
cell, A wrong connection may ruin it. In finally making battery and cell connections be very careful to 
arrange the polarities to correspond with the figure. Otherwise it may not be possible to find balance points. 
WTiy not? As point A, it will be convenient to use the zero end of the meter sticks. 

Set the slider at approximately 120 cm (on the second section of the slide-wire; distance measured from 
point A), set the battery rheostat at about half resistance, set the dial resistance box in series with the gal- 
vanometer at 9000 ohms, close the battery switch, and then close the standard-cell switch. A galvanometer 
deflection should occur. Try to reduce this deflection to zero by varying the resistance in the battery rheo- 
stat. IMaen this has been done, reduce the dial-resistance-box reading to zero and then determine the exact 
balance point S by shifting the slider until the galvanometer deflection is zero. In this process do not rub 
the slider along the wire but rather lift it up before moving it. If there is an appreciable interval of the slide- 
wire over which the galvanometer deflection appears to be zero, determine the end points of this interval 
(small but opposite deflections at the end points) and take the middle point of this interval as the balance 
point for the standard cell. This apparent lack of sensitivity when the standard cell is used is probably due 
to a high protective resistance incorporated in the standard cell. 

Immediately after determining the balance point S for the standard cell, set the dial box at 9000 ohms, 
throw the double-pole switch for and determine the new balance point X by shifting the position of the 
slider. For final adjustment, reduce the dial-box setting to zero. Do not disturb the hattery rheostat in this 
process. 

Then switch back to the standard cell and redetermine its balance point. Any shift in the balance 
point of the standard cell indicates a change in the current through the potentiometer wire. Continue this 
process of switching back and forth between Es and Ex until three Ls and two Lx have been determined. 
Use the average values of Ls and Lx for the determination of Ex» 

Replace the first unknown cell by the second unknown cell in the potentiometer circuit. Determine 
as above the emf of this second cell. 

Connect the two unknown cells in opposition and use this combination as Ex^ Determine as before 
this value of Ex and compare it with the calculated value. 

The error in the position of the balance point may be taken as one-fourth the interval over which no 
appreciable galvanometer deflection occurs. 

Part II. Error of Voltmeter, Connect the voltmeter in series with a dial resistance box and a good 
dry cell as shown in Fig. 37-3. Use this combination as Ex- Adjust the dial resistance box in series with the 
voltmeter until the voltmeter reads exactly 1 volt, i.e.^ as closely as one can judge. Determine Ex across the 
voltmeter with the potentiometer in the manner outlined in Part I. Be certain that the voltmeter is reading 
(1 volt) while this determination is being made. The error in the voltmeter is the difference between Ex 
(potentiometer) and the voltmeter reading (1 volt). Determine this error. 

Record: Give the apparatus numbers of the potentiometer, standard cell, galvanometer, dial box, and 
voltmeter. Tabulate your data making separate tables for each determination of an unknown emf or poten- 
tial difference. Summarize your results in the following form : 


Item 

Use 

Ey volts 

% error 

Std. Cell 

Standard emf 


* P 4 * 

Cell No. 1 

Measured emf 



CeU No. 2 

Measured emf j 



Opposition 

Measured emf 



Opposition 

Calculated emf 





Voltmeter 

- 

Calibrated at 1 volt 
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Q ir E S T I O N S 

1. ’VMiy is it necessary that the battery furnishing the current for the potentiometer have a larger einf 
than any emf or potential difference to be measuretl with the potentiometer? 

Part II of this experiment on the calibration of a voltmeter, why is it necessar\' that the volt- 
meter be reading 1 volt when the calibration is made? Suppose It in Fig. ^7-3 is set so that the voltmeter 
reads 1 volt when connected into the circuit. If now the voltmeter is disconnectetl and the potentiometer 
is used to determine what will be the value of ^x? 

3, Suppose an ammeter is available in this experiment along with the other apparatus already specitied. 

How could one proceed to determine the resistance per unit length of the potentiometer wire -i/> in Fig. 
37-1? 

4. How would one proceed to make this slide-wire potentiometer a direct-reiiding potenti(»meter, i,e.^ 

one in which the position of the balance point in meters wouKl eijual the measured potential ilifference in 
volts? 


Experiment 38. 


Thermocouple 


Object: To calibrate a copper-constantan thermocouple for low-temperature measurements and to 
k iermine the freezing point of mercury. 

.Ipparafu^; Copper-constantan thermocouple (24 ga, Cu; 20 ga Const.), reflecting galvanometer, 
Ayrton shunt, low-resistance shunt, decade resistance box, damping key, reversing switch, 20-ohm rheostat 
with switch, Dewar flasks (thermos bottles), ice, solid carbon dioxide, alcohol, storage battery, voltmeter, 
mercury, iron test tube. See Appendix I, Section H5 on the Ayrton shunt. 

Theory: When a circuit is formed of two wires of different metals with the two junctions at different 
* 

icnipcrflturp>* Jin electromotive force is produced iii tlie circuit. This is known ns the thermoelectric effect 

and was discovered by Seebeck in 1821. Such a device, known as a thermo- 
couple, may be employed in the measurement of temperature. When properly 
calibrated, the thermocouple becomes a convenient and sensitive ther- 
mometer. 

A pair of metals frequently used as a thermocouple is copper and con- 
stantan. Constantan is an alloy of 60% copper and 40% nickel. This couple 
may be used to measure a wide range of temperatures ( — 200 to 350°C) when 
properly calibrated. Figure 38-1 shows a copper-constantan thermocouple 
with its two junctions, I and «7, and a millivoltmeter for measuring the thermal 
emf. If junction / is at a higher temperature than J, then the current is in 

the direction indicated. 

In using the thermocouple for the measurement of temperature, it is customary to keep one of the junc- 
tions at the fixed temperature of 0°C by immersing it in a mixture of ice and water. Let this be the junction 
I in Fig. 38-1. The other junction J is then placed in the region the temperature of which is to be found^ 
.■\fter thermal equilibrium is established, the emf produced by the thermocouple is measure . us em 
is a function of the temperature of junction J. The functional relationship may usually be well represente 



by the empirical equation 


E = at + bt^. 


( 1 ) 


where. £ i, the emf produced by the couple, < is the temperature of junctiou J. aud u aud| are empirical 
constants to be determined by experiment. The derivative of £ with respect to t, i.e.. is called the 

thermoelectric power of the couple and is approximately a i„i„g relationship 

betwlt £ anT,''!" ^” 0 ! vle“s "7*: ip‘"Tonstant.n thermocouple is given in Appendix III. 

Table K. In using this table of values, based upon a standard mike it 

erally necessary to correct the reading of ‘^^PP^^^tThe correction is small and is very nearly 

correspond with the tabulated values. It has been found that the correction 

92 


EXPERIMENT 38: THERMOCOUPLE 


93 


proportional to the observed E of the thermocouple over a wide temperature range. This means that the 
corrected value of the emf, say E\ is directly proportional to the observed value E, Hence 


= KE, (2) 

where K is very nearly equal to one. If Eo and Eo represent respectively the corrected value and the 
observed value of the emf at some known temperature toy then K may be determined and Eq. (2) may be 
written in the form 



In this experiment the calibration temperature to is the sublimation temperature of solid CO 2 (dry ice). 
It has the value — 78.5°C at which temperature the tabulated value of the emf of a standard copper-con- 
stantan couple is Eo = 2.72 mv. Eo in Eq. (3) is determined by immersing the junction J of the laboratory 
couple in a mixture of solid CO 2 and alcohol and observing the emf developed. The couple could then be 
used to measure any temperature between — 78.5 and O^C by observing E at that temperature, calculating 
E^ by means of Eq. (3), and using Table K to find the temperature which corresponds to E^ , It will be used 
in this experiment to find the freezing point of mercury. 

In Fig. 38-1 a millivoltmeter is shown for the purpose of measuring the emf of the thermocouple. This 
is not a very satisfactory method of measuring the emf of the couple, since 
the millivoltmeter draws some current and hence measures the potential differ- 
ence (P.D.) across the terminals of the couple rather than its total emf. 

A much better, but more complicated, procedure is to replace the milli- 
voltmeter with some potentiometer arrangement which will balance the emf of 
the couple against a known P.D. In this way no current is drawn from the 
couple when its emf is being measured. 

In Fig. 38-2 is shown a satisfactory arrangement for achieving this result. 

The battery B supplies current through a rheostat Rh to a low resistance S and 
a decade resistance box R. A voltmeter V reads the P.D. across S and R, 

The thermocouple TC and galvanometer G are connected in series across the 
low resistance S. The galvanometer is protected with an Ayrton shunt 
and a damping key. A reversing switch RS is placed in the thermocouple 

circuit so that connections to the junctions may be reversed, if need be, for 
balancing. 

The emf of the couple is balanced against the P.D. across the resistance S, This is accomplished by 

varying R until the galvanometer reads zero. Under these conditions it is evident that E for the couple is 
given by the equation 


B 


— ^ — W yVW- Rh 


s WR. 



Fig. 38-2 





where V is the reading of the voltmeter, 
write Eq. (4) in the form 


Since R is in general quite large compared to S, it is possible to 



get 


The final working equation for this experiment may be obtained by combining Eqs. (3) and (5) 


We 


V R 

jp/ JP f ^ 

^ V.R’ 


( 6 ) 


where the symbols with the subscript correspond to values at the calibration temperature U, and those without 
the subscript correspond to values at the unknown temperature. 

The errors in this experiment are rather difficult to estimate without a more complete experimental 
analysis because of the nature of the assumption concerning the correction to be made on the observed emf 
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of tlic laboratory thermocouple. For precise work the couple should be calibrated at a number of different 
known temperatures in the range in which the couple is to be used. 

As far as Eq. (G) is concerned, the indeterminate error in E' may be computed in the ordinary manner. 
It should be noted that since V and T', are practical!}’- equal to each other in this experiment, any constant 
error in the voltmeter reading will contribute little or nothing to the error in E'. The value of EJ taken 

from tlie table is probably good to within ±0.005 mv. Finally, the readings R and R„ from the decade 
resistance box are accurate to ±0/25%. 

Once the error in E' has been determined the error in the temperature to which it corresponds may be 
obtained by use of Table K. 


Method: Connect the apparatus according to Fig. 38-2 except for the battery. After the instructor has 
check tni the circuit, connect the battery but leave all switches opened. Set the rheostat at about 20 ohms. 
Set the decade resistance box at 9900 ohms and the Ayrton shunt at zero. Fill a thermos bottle with a 
mixture of ice and water. Place both junctions of the thermocouple in this mixture, and wait 3 or 4 min 
for thermal equilibrium to be established. Then close the reversing switch but not the battery switch. 
Change the A^Tton shunt setting step by step from zero to unity through the intermediate settings of 0.001, 
0.01. and 0.1. Stop the adjustment if there is any appreciable galvanometer deflection. Such deflection 
under these circumstances indicates trouble. It should be corrected before proceeding with the experiment. 


Pari /. Calihraiion of Thermocouple, Half fill a second thermos bottle with alcohol or acetone and 
sloirly add solid COe until the flask is almost full. The mixture will bubble over if the CO 2 is added too 
rapidly. Take one of the junctions of the thermocouple out of the mixture of ice and water (leave the other 
in the ice), wipe it dry, and then place it in the CO 2 mixture. After thermal equilibrium has been established, 
the two junctions 'will be at 0° and — 78.5'^C, respectively. 

W ith the Ayrton shunt set at 0.001, close the battery switch and the reversing switch. See that the 
voltmeter is reading. Then balance the emf of the thermocouple against the P.D. across S by reducing R 
from its original setting of 9900 ohms. Balance is indicated by zero deflection of the galvanometer. If a 
decrease in R does not reduce the galvanometer deflection, reverse switch RS and try again. For a final 
balance, use the full sensitivity of the gahanometer by changing the Ayrton shunt setting to 1. Before taking this 
reading, be sure to stir both the ice mixture and the CO 2 mixture. Record the decade-box reading Ro to 
the nearest ohm and the voltmeter reading Vo at the balance point. Take four more readings of Rq and V 07 
stirring the mixtures before each reading. Any constant change of Ro in these five readings indicates a 
lack of thermal equilibrium. In this case the process should be continued until a constant value of Ro is 
obtained. Stirring the mixture before each reading is important. Set the Ayrton shunt to zero and open 

battery and reversing switches after these readings. 

Compute the average value of Ro and of Fo. For the error in average Ro use either the mean deviation 

or 0.25%, whichever is the larger. The value of EJ at -78.5''C may be obtained from Table K. 


PaH II, Freezing Paint of Mercury, Remove the junction from the CO 2 mixture and wipe it off with 
a paper towel. Place it in the tube containing the mercury. Then carefully place this tube in the mixture 
of CO 2 and alcohol. Do not allow the mixture to boil over in this process. Since mercury freezes at about 
— 40''C, it should freeze in this mixture in 5 or 10 min and eventually reach the temperature of the mixture. 

After the mercury seems to have frozen, close the battery switch and reversing switch; then ba ance 
the circuit as in Part I by varying R, Stir both mixtures before taking readings. Repeat this process as 
time goes on until a steady value of R is obtained. This will indicate that the mercury is m therinal equili- 
brium with the CO 2 mixture. The value of R should be very nearly equal to Ro found in Part I of the experi- 
ment provided the voltmeter reading V has not changed appreciably. At this point the tube con mmg 

the mercurv and thermocouple junction should be removed from the CO 2 mixture. 

A, sooa the t.be of Lreury U taken out of the CO, mWure. it. temperature "Jl -ry r^ dly 
until the mercury reaches its melting point. At this point the meltmg mercury abmrbs 

fusion, thus keepmg the temperature constant during the process of fusion. er , • 

melted, its temperature will again rise until it reaches room temperature Hence tte meltmg pomt of 
mercury may be determined by use of the heating curve (temperature versus time) for mercury. 
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In order to obtain this heating curve it is necessary to determine the temperature of the mercury as a 
function of the time. The total time interval, of course, must be large enough to include both the solid and 
liquid states of the mercury. This may be done in the following manner. 

Immediately after the tube of solid mercury is taken from its CO 2 bath, its temperature should be taken 
every 30 sec by means of the thermocouple. This can be done by taking a set of R and V values at half- 
minute intervals until the temperature of the mercury is well above its melting temperature. Since the 
mercury heats up very rapidly at first, it is advisable to keep the circuit in continual adjustment for balance 
by constant adjustment of R, In this process the ice mixture should be stirred continuously to ensure a 
constant temperature of 0°C for the other junction of the couple. It will be noted that while the mercury 
is melting the value of R will remain practically constant, indicating a constant temperature for the mercury. 
After melting has taken place, the temperature of the mercury will again rise, requiring an increasing value 
of R for balance. Continue taking R and V values every half-minute until the value of R attains the maxi- 
mum resistance of the decade box. At this point the switch RS should be reversed and readings discontinued 
for ^ or 3 min (keep track of the time). After this time has elapsed, take five or more readings at half- 
minute intervals. Then set the Ayrton shunt to zero and open the battery switch and the reversing switch. 

By means of Eq. (6) and Table K compute the set of temperatures for the mercury. Plot these tempera- 
tures (ordinate) against the times (abscissa). By use of this heating curve, determine the melting tem- 
perature of mercury to the nearest half-degree. Determine the error in this temperature. Compare this 
observed temperature with the accepted melting point of mercury ( — 38.9°C). 

Record: Record the apparatus numbers of the important components of your equipment. Tabulate 
your data. Summarize your results. 

QUESTIONS 

1. What will be the value of R in Part II of this experiment when the mercury reaches the temperature 
of O^C? 

2. Wby was it necessary to reverse RS at a certain point in the heating curve and discontinue read- 
ings for a short time,^ 

3. How could one determine the latent heat of fusion of mercury by use of the heating curve What 
additional data would be necessary for this determination? 

4. Suppose one junction of this thermocouple were held at room temperature, say 20°C, instead of 

at the ice point. Would it still be possible to measure temperature with this couple by using Table K? 
Explain. 


Experiment 39. 


Electromagnetic Induction 



Object: To study some of the phenomena of electromagnetic induction; particularly to note the emf 
induced in a secondary coil when the magnetic flux linking it is changed. This magnetic flux is produced 
either by a current-carrying primary coil or by a permanent magnet. 

Apparatus: Table galvanometer, primary coil (200 turns, No. 20 wire), secondary coil (350 turns, 
No. 24 wire), battery, switch, permanent bar magnet, brass rod, iron rod, high resistance (20,000 ohms). 


Theory: Whenever the magnetic flux (magnetic lines of force) linking a coil of wire there is an 

emf induced in the coil which is proportional to the time rate of change of this magnetic-flux linkage. The 
magnetic flux linking the coil may arise from any source whatever, permanent magnet, earth’s field, 
current in another coil, current in the coil itself. But the induced emf is independent of the nature of the 
source; it depends only upon the time rate of change of magnetic-flux linkage, whatever the source. This is 
known as Faraday's law of electromagnetic induction (1831) and is the foundation principle on which much 
of our modern-da V electrical machinery is based. 

The direction of the induced emf is given by Lenz’s law, that is, the induced emf is always in such a 
direction as to set up electrical conditions — induced currents — which tend to oppose the change which is 
bringing them about. This is in complete accord with the law of the conservation of energy. 

A simple diagram will serve to illustrate these principles. In Fig. 39-1 is shown a loop of wire with some 
magnetic flux linking it. As long as this magnetic flux is constant, there is no induced emf in the wire. Sup- 



pose, however, that this magnetic flux is increasing with time. There will then he an emf induced aro^d Uie 

of chLge of tL magnetic flux. The direction of this induced emf and current must by 

as to oppose the increasing magnetic flux. i.,.. the induced emf and current must te ^ * 

Lt^eTmlg^eS^. On the oto hand, if the magnetic flux linking the coil is decreeing with tune, the 
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induced current will set up a field which opposes the decrease in this magnetic flux. This means that the 
induced current is in the direction opposite to that in the first case. 

In this experiment the induced emf in the secondary coil will be detected by connecting it to a galvanom- 
eter and observing the deflection. The magnetic flux linking this secondary coil will be produced either by 
use of a current-carrying primary coil or by use of a permanent bar magnet. 


Method: First determine the relation between the direction of the current in the galvanometer and the 

direction of its deflection. To do this connect the battery in series with the galvanometer and a very high 

resistance (20,000 ohms) as shown in Fig. 39-2. Since the direction of the current furnished by the battery 

is known, the direction of the current through the galvanometer and the corresponding deflection can be 
determined. 


Then connect the secondary coil (wound with fine wire) to the galvanometer. Connect the primary 
coil (wound with coarse wire) to the battery through a switch. Keep the switch closed only while readings 
are being made. The direction of current in the primary is determined by 
the battery. The direction of any current in the secondary may be deduced q 
from the observed direction of the galvanometer deflection. 


fKD 


20,000 A 



Fig. 39-2. 




Fig. 39-3. 


Step 1. Line the coils up as shown in Fig. 39-3 so that the windings in both coils are in the same direc- 
tion (clockwise or counterclockwise). Close the battery switch. Move the secondary quickly away from 
the primary. Bring it quickly back. Record the directions of the currents in the primary and secondary 
coils under these two conditions. To do this, draw diagrams similar to Fig. 39-3 and put in arrows indicating 

directions of motion and currents. Repeat this process, moving the primary instead of the secondary. 
Again record directions of motion and currents in this case. 


Step 2. Make and break the current in the primary and record the corresponding directions of the 
primary and secondary currents. Determine the galvanometer throws while the primary current is made 
and broken when the primary and secondary coils are separated by 0, 1, 2, 3, 4, 5, and 10 cm. Plot a curve 
of galvanometer throws against distance between coils. 

Step 3. Open the primary circuit. Place the secondary as shown in Fig. 39-4. Thrust the N pole of 
the bar magnet into the secondary coil and note the direction of the galvanometer throw. Pull the N pole 
out and observe the throw. Perform the same operations using the S pole of the magnet. Record the direc- 
tion of motion of the magnet and that of the induced current by means of a diagram similar to Fig. 39-4. 




Fig. 39-4. 



Fig. 39-5. 



Step i Line the two coils up as in Fig. 39-5 with a distance of 2 cm between the ends 
rod through the cores of both coils and repeat the first part of Step 2. Record your results. 


Place a brass 
Replace the 
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brass rod with an iron rod and repeat. Record your results. Be sure to include the sizes of the throws of 
the galvanometer in this step. 

Step 5, Place the secondary on the primary as shown in Fig. 39-6. Determine whether or not there is 
any position for which the galvanometer throw is zero when the primary current is made and broken. 



QUESTIONS 

1. In Step 1 what is the source of the energy which appears in the secondary circuit? 

2. In Step 2 what is the source of energ^’^ which appears in the secondary circuit when the primary circuit 
is broken? Hint: A magnetic field possesses energy. What is the source of energy in the secondary circuit 
when the primary circuit is made? Explain the observed difference in galvanometer deflections when the 

distance of separation is 2 and 10 cm. 

3. In Step 4 explain the difference in galvanometer deflections for the brass and iron rods. Compare 
these deflections with the corresponding one obtained in Step 2. 

4. In Step 5 explain in terms of magnetic-flux linkage why, for a certain orientation of the secondary 
coil, there is no appreciable induced current in the secondary. Use a sketch. 


Experiment 40 . 


Earth Inductor 


Object: lo determine the horizontal and vertical components of the earth’s magnetic field using an 
earth inductor. 

Apparatus: Karth inductor, ballistic galvanometer, damping key, dial resistance box, ammeter, rheo- 
stat, battery, switch, and magnetic compass. See Appendix II, Sections Hi, 3, 4. 

Theory: Ihe horizontal and vertical components of the earth’s magnetic field may be measured by 
t urning a coil (earth inductor) in the earth s field in such a manner that it cuts the horizontal or vertical 
component of the magnetic flux. If this coil is connected to a ballistic galvanometer, the charge flowing 
through the coil and galvanometer will be proportional to the magnetic flux cut. 

The earth inductor (Cenco) consists of a frame supporting a coil. There are two separate windings 

on this coil the current winding and the inductor winding. The instrument is arranged so that the coil 

may be rotated, by spring action, through 180® about an axis either in a horizontal or vertical plane. The 

binding posts for the current coil are mounted on the ring, and those for the inductor coil are mounted on the 

framework, A data plate giving the electrical and geometrical characteristics of the coil is located on the 
frame. See Fig. 40-1. 



Fig. 10- 1. 



Sw Rh 
current coil 


inductor coil 


Fig. 40-2. 


The connections to the earth inductor are showm in Fig. 40-2. 
ballistic galvanometer 6’ through the decade resistance box Dli, 
galvanometer to control its deflections. 


1 he inductor winding is connected to a 
A damping key DK is placed across the 


The current winding is connected to a battery through an ammeter A, switch and rheostat Rh. 
Suppose the earth inductor is placed in a horizontal plane with its axis of rotation parallel to the H field 
of the earth, i.e., with its axis of rotation lying parallel to the direction of a compass needle. In this position 
it encompasses a maximum amount of the vertical flux of the earth’s field, the V field. If now the coil is 
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siuldenly rotated through 180°, all of the vertical magnetic flux will be cut twice without any disturbance 
caused by the H field. (In this process the current winding must be disconnected for mechanical reasons.) 
l.et .1 represent the average area of the coil, V represent the vertical intensity of the earth’s field, and N- 

rej^rosent the number of turns in the inductor winding. Then <t>„, the total magnetic-flux change in this 
j'rooess, will be 

<t>p = 2AA'J\ (jN 


By Faraday's law of electromagnetic induction, the induced emf, Ei, in volts will be 


Ei = 


_ 10-8 ^ 

dt 


( 2 ) 


If we substitute IM for Ei in Eq. (2) and integrate with respect to t over the time of the process, we get 


RQ, = = -2 X l(y-^ ANiV, 


( 3 ) 


where R is the resistance of the galvanometer circuit. The throw of the galvanometer is proportional to 
the charge Qr passing through it, i.e., Q„ = Kd,. Hence Eq. (3), after solving for V, becomes 


V = 


- lomKd„ 

2ANi 


(gauss) 


(4) 


In order to determine H, the horizontal component of the earth’s field, we may place the earth inductor 
on its side so that its axis of rotation is vertical and so that its plane is perpendicular to the magnetic meridian. 
In this case the inductor encompasses the maximum amount of horizontal magnetic flux. When the coil 
is turned through 180°, this flux is cut twice without interference from the vertical flux. A throw da of the 
galvanometer results which is related to H by means of the equation 


H = 


- lOmKda 
2ANi 


(gauss) . 


( 5 ) 


Equations (4) and (5) are suflBcient to determine V and H provided K is known. This is generally not 
the case and it is necessary to carry out an auxiliary experiment in order to determine it. This may be done 
as follows: The current winding is now connected as shown in Fig. 40-2 and serves as a primary circuit. Any 
change in the primary current will induce an emf in the secondary circuit (inductor winding) thus producing 
a throw of the galvanometer. The emf, E„ induced in the secondary because of a changing current in 
the primary, is given by the relation 

E, = 


where 3/ is the mutual inductance between the two circuits. E, may be replaced by RI. m Eq 
equation integrated over the time of change in the customary manner. We get 


(6) and the 


RQ, = RKd, = -M bl 


py 


( 7 ) 


where 6l^ is the change in the primary current and RK is the same combination of secondary circuit resistance 

and galvanometer constant as appears in Eqs. (4) and (5). 

If we solve Eq. (7) for RK and substitute in Eqs. (4) and (5), we finally get 


V = 


and 


H = 


10« M 81 p d„ 

2 ANi da 

10® M dip da 

2 ANi d. 


( 8 ) 


( 9 ) 


TheM Eq,. (8) and (») enable n, to determine V and B in term, of A. meaenred qnantltlea d., d.. d., 
»/„ and the quantities M, A, and N, obtainable from the data plate of the apparatus. 
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The approximate determinate-error equations for the experiment are 




(8a) 

(9a) 


The small errors in My Ay and Ni may be neglected. 

Method: Determine the direction of the magnetic meridian at the place where the inductor is to be used. 
A large compass may be used for this purpose, and a chalk line should be drawn on the table to show this 
direction. 

Connect the inductor winding (terminals on frame) to the galvanometer circuit as shown in Fig. 40-2. 
Do not make the connections as yet to the current windings (terminals on coil). Place the inductor so that 
its face is horizontal and so that its axis of rotation is in line with the magnetic meridian (chalk line). Set 
the dial box at about 1000 ohms resistance. Then release the spring catch allowing the coil to flip through 
180°. Observe the throw of the galvanometer. It should be about 125 mm. If it is much more or much 
less than this, adjust the decade resistance somewhat until the proper throw is obtained. The exact value 
of the decade resistance is immaterial since it does not enter the final equations. Make five determinations 
of the galvanometer throw d^. 

Then turn the inductor on its side with the face of the coil perpendicular to the magnetic meridian and 
with the axis of rotation in a vertical position. Place the inductor so that the dn deflection is in the same 
direction as the dy, deflection. The inductor is now in position to *‘cut’’ the horizontal magnetic flux of the 
earth. Make five determinations of the throw of the galvanometer for this case, i.e., dn- Do not change 
the decade resistance in this process since the galvanometer constant X is a function of this resistance. 

Finally connect the battery circuit to the terminals of the current winding on the ring. Set the rheostat 
Rh so that the ammeter reads about 0.50 amp when the battery switch is closed. The galvanometer will 
deflect in opposite directions when the switch is closed and when it is opened. Choose for your record that 
operation (close or open) which leads to a galvanometer throw in the same direction as for d h and dy,. Make 
five determinations of the galvanometer throw d, for this operation. Read the ammeter for each throw. 
This will equal the change hip in primary current. 

Record the values of dny d^y and Ip, Use their averages to compute V and H by means of Eqs. (8) 
and (9). The values of M and Ni are given on the data plate of the inductor. Also this plate gives the 
internal and external diameters of the coil. Use the average of these values in computing A, Note that the 
value of M is given in millihenrys (thousandths of a henry). It must be converted to henrys before being 
used in the equation. 

In calculating the errors in V and H use the mean deviations in dny d^; or ^ mm; whichever is the 
larger. The error in the ammeter may be taken as + 1 % of full-scale reading. 

Determine the angle of dip 6 by means of the equation 

tan 6 — 

This is the angle which the total intensity of the earth’s 

Record: 

App. No. Earth inductor 

Galvanometer- 

Ammeter 

Dial box 

Dial-box setting ( 


V 

H 

field makes with the horizontal. 


) ohms 
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EXPERIMENT 40: 


EARTH INDUCTOR 


Results: 


Rdg 

1 . 

dr* mm 

dn, mm 

ds^ mm 

1 Ip, amp 

1 

O 

3 

4 ’ 

5 

110.5 

35.0 

140.5 

0,500 

Average 






Inductor-coil Data: 


xN, = 1000 turns 
D (inside) = ( 

D (outside) = ( 

r = ( 

AI’ = ( 

H = ( 


) cm 
) cm 


D (average) 
A (average) 

M = ( 


= ( 
= ( 


) mh 


) gauss 

) 

) 


AH = { ) 

^ = (_ ) 

Total intensity 


= ( 


) cm 
) cm* 


) 


QUESTIONS 


1. L nder what condition is the throw of the galvanometer in this experiment independent of the time 
of flow of charge through it ? Would you expect dv or to change materially if the inductor coil were rotated 
very slowly in this experiment? Explain. 

2. Explain carefully how the earth inductor could be used to determine the magnetic north-south direc- 
tion and hence act as a magnetic compass. (Principle of the earth inductor compass.) 


Experiment 4i. 


Mutual Inductance 



Object: To determine experimentally the mutual inductance of a primary-secondary air solenoid and to 
compare this value with the theoretical value computed from the geometry of the solenoid. 

Apparatus: Reflecting galvanometer, Hibbert or Cenco magnetic-flux standard, primary-secondary air 

solenoid, damping key, single-pole switch, reversing switch, battery, ammeter, rheostat. See Appendix II, 
Notes HI, 3, 4; K. 


Theory: When two coils are placed so that a current in one (the primary) produces a magnetic field 

such that some part of this field links the other (the secondary), the coils are said to be coupled magnetically 
and to possess mutual inductance. 

The mutual inductance M between two coils is given by the equation 



which is essentially a form of Faraday’s law of electromagnetic induction. In this equation Eg is the emf 

induced in the secondary coil and dipf dt is the time rate at which the current Ip in the primary coil is chang- 

ing. If Eg is given in volts. Ip in amperes, and t in seconds, then M will be expressed in henrys. A pair of 

coils then will have a mutual inductance of 1 henry if the current in the primary, changing at the rate of 

1 amp/sec, induces an emf of 1 volt in the secondary. This unit of mutual inductance, the henry, is a large 

one, and it is customary to express mutual inductance in a thousandth of a henry, the millihenry, or even in 
a millionth, the microhenry. 

In laboratory work Eq. (1) is not convenient to use, involving, as it does, a rate of change of current. 

It may be put into a more convenient form by use of Ohm’s law when the secondary coil is part of a closed 

circuit. In this case, the induced emf, Egy in the secondary, produces a current Ig in the secondary circuit, 
which by Ohm’s law is given by the equation 

Eg igRgy ^ 2 ) 

where Rg is the total resistance of the secondary circuit. If we eliminate Eg between Eqs. (1) and (2), multi- 
ply the resulting equation by dt, and integrate over the time during which the primary current is changing, we 
get 

RsQ,* “ ^I ^I p ^ 3 ) 

where Q,(= J/. dt) is the total charge circulating in the secondary circuit, and 5/p is the total change in the 
primary current. Q, may conveniently be measured by connecting a ballistic galvanometer in the secondary 
circuit; 5/p may be measured by using an ammeter in the primary circuit. 

A circuit that enables us to carry out these operations, and hence determine M, is shown in Fig. 41-1. 
The chief element in this circuit is a primary-secondary air solenoid. It consists of a long primary coil with 
a short secondary coil wound around its center. The primary coil is connected to a battery through a revers- 
ing switch Its, an ammeter A, and a variable rheostat Rh. The secondary coil is connected to a ballistic 
galvanometer G through switch Sw and a Hibbert standard HS (or Cenco standard). A damnine kev DK 
is connected across the galvanometer. P g y 
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MUTUAL INDUCTANCE 



In order to determine M, the mutual inductance between the primary and secondary coils, it is only 
necessary to cause an abrupt change in the primary current Jp and observe the corresponding deflection d 
of tlie ballistic galvanometer. This change in Ip may be made by closing, opening, or reversing the switch 
dip will be the difference between the current in the primary just before the change has occurred and 
that just after the change has been made. The galvanometer deflection d will be proportional to Q„ the 

quantity of charge which circulates in the secondary circuit as a result of this 
change. Equation (3) may then be written 




h-| 

. Sw 

DK 


HS 


R.Kd M 81 


p9 



S 

mmm 


secondary 


primary 
RS 



(4) 

where K is the ballistic constant of the galvanometer, i.e., the ratio of Q, to d. 
Equation (4) is insufiScient by itself to give us the value of M since R,K is un- 
known. In order to determine R.K, use is made of the flux standard. 

Determination of K Using Flux Standard. Equation (6) of Appendix II, 
Note K may be written 

d<t>H 


Eb ' — — 10 H 


dt 


(5) 


where Eh = induced emf, in volts, 

^ number of turns in the coil of the flux standard, 

Rh <I>H = magnetic flux in Maxwells linking each turn, and 

t = time in seconds. 

Since the standard is connected in series with the galvanometer and second- 
ary coil, the current Ih produced by the standard will be EhIR^. Hence Eq. (5) may be written in the form 


Fig. 41-1. 


Rsl H dt — — H d(l>3m 


( 6 ) 


This equation may then be integrated to get 


RsQh “ — IQr^N 


(7) 


where is the charge circulating in the secondary circuit because of the action of the standard. This 
charge causes a galvanometer deflection dn just proportional to it and with the same galvanometer constant 
K as before. Hence Eq. (7) may be written as 

RsKdn = - 10-^NB<t>H. ( 8 ) 

Determination oj M. The mutual inductance M may now be determined explicitly by dividing Eq. (4) 
by Eq. (8) and solving for M, We get 

ilf(exp) = 10~^ ^H<i>H d (henrys). (8) 

01 p cLh 

All of the quantities on the right side of this equation are either known or may be measured. Hence Eq. (9) 
is the working equation for this experiment. 

From the geometry of the coil it is possible to develop a formula for the mutual inductance of the solenoid 
used in this experiment; 


Jf(theo) = 


D^^NsN 





(henrys) , 


10 » Lp L ' 2 \Lp 

where Dp = average diameter of the primary coil in centimeters (core diameter -|- wire diameter), 
iV, = number of turns in the secondary, 

Np = the number of turns in the primary, and 

Lp = length of primary in centimeters. n J 

The bracket faetor in Eq. (10) is the so-called end correction and approaches unity when Dp « Lp. 

Error Equations. The determinate-error equation corresponding to Eq. (9) may be written 


( 10 ) 


AM .Ad Adu A8lp , A(Nh4>h) 


M 


d 


dn 


SI 


+ 


(9a) 


N 1{<I>H 
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The determinate-error equation corresponding to Eq. (10) is very nearly 

Ail/ _ 2AZ)p ALp 

M ~ “ 17 

since Ns and Np are known exactly and the error in the correction term may safely be ignored. 

Method: Connect the apparatus according to Fig. 41-1 but have all switches open during this process. 

Adjust the galvanometer scale so that the initial reading on the scale is zero when the galvanometer 
coil is at rest. Since the determination of M (exp) depends primarily upon the ratio of two galvanometer 
throws d when the 'primary current is reversed and dn when the flux standard is used — it is highly advisable 
to have these two throws in the same direction and of about the same magnitude. Therefore, a preliminary 
trial should be made with the view of satisfying the above conditions either by adjustment of the flux standard 
or by adjustment of the primary current. If the Hibbert flux standard (fixed) is used, adjustment of the 
primary current should be made by use of the battery rheostat to meet these conditions. If the Cenco 

flux standard (variable) is used, it may be adjusted along with the primary current in order to meet these 
conditions. 

After this preliminary trial has been run and adjustments made so that d and dn are approximately equal 
in magnitude and occur in the same direction for a noted change of the reversing switch iJS, the principal 
part of the experiment may be performed. 

With the primary circuit open but with the galvanometer switch Sw closed, determine the throw (maxi- 
mum deflection) dn of the galvanometer when the Hibbert coil is dropped (or the Cenco coil released). 
Make five determinations of dn. Use their average in the determination of M and use the mean deviation 
or i mm as the error in duy whichever is the larger. 

Next close the reversing switch RS choosing its closed position such that on reversing it the resulting 
galvanometer deflection is in the same direction as the deflection du. Take flve readings of the galvanometer 
throw d and the corresponding reading of the ammeter. After each reading the reversing switch must be 
returned to its initial position and the galvanometer brought to rest at its zero position. The change of 
current Bip in the primary circuit in this process will be %Ip where Ip is the ammeter reading. 

Prom these data (d^, d, /p) and the values of N h and <i>H given on the Hibbert standard (or Cenco 
standard), compute, by use of Eq. (9), the value of the mutual inductance, il/(exp). Determine also the 
error in M (exp) . The error in the calibrated ammeter readings may be taken as ± 1 % of full-scale deflection. 
The error in the flux standard calibration may be taken as ±i%. 

From the geometrical data given on the primary-secondary solenoid (Dp, ip, Np) compute, by use 
of Eq. (10), the theoretical value of the mutual inductance, il/(theo). Also compute the error in il/(theo) by 
use of Eq. (10a). The errors in both Dp and ip may be taken as ±0.02 cm. 

Compare A/ (exp) with A/(theo). 

Record: Give the apparatus numbers of the galvanometer, flux standard, solenoid, and ammeter. 
Tabulate your data. Summarize your results. 

QUESTIONS 

1 . Develop the error equations (9a) and (10a). 

2. What percentage error would be introduced into your value of A/(theo) if the end correction in Eq. 
(10) were neglected? Is this error significant? 

3. Which of the two values, A/(theo) or A/ (exp), is the more accurately determined in this experiment? 
Explain. 

4. If it were desired to determine the numerical value of the ballistic galvanometer constant K in this 
experiment, what additional information would be required? 

5. If a piece of soft iron happened to be near the end of the primary-secondary solenoid, what effect 
would this have on the results of this experiment? 


(10a) 

Why? 


Experinienf 42 . 


Alternating-current Series Circuit 


Object: To study current, potential difference, impedance, power consumption, and phase relationships 
in an R-L-C series a-c circuit. 


Apparatus: A-c circuit board, a-c ammeter (0—1), a-c voltmeter (0 — 150), a-c wattmeter (0 — 150), 
rheostat * 100 ohms). The circuit board consists of the following elements in series: switch, fuse, condenser 
bank S pf l>aper), choke (inductance, 0.7 henry), and 60-watt lamp bulb (resistance). Jacks are placed 
at the p<unt5 .V, .V, 0, P, as indicated in Fig. 42-1, so that measurements may be made across any or all of 
the elements without disconnecting the circuit. 





Fig. 42-1. 




Theory: 1. Phase Relationships. When a pure resistance carries an alternating current, the resulting 
potential difference (P.D.) is also alternating, and in phase with the current. The same current in a pure 
inductance results in an alternating P.D. which leads the current by 90°. In a capacitance, the P.D. lags 
the current by 90°. The angle by w*hich the P.D. leads or lags the current is called the phase angle. The 
fact that the currents and P.D.’s have, besides magnitudes, angular relationships, indicates that they may be 
treated as vectors^ in the operations of addition and resolution into components. 

2. Power. The calculations of power, using effective values of current and P.D. (the values indicated 

bv most a-c electric meters) are identical for a resistive element with those in d-c theory; that is, 

% ^ 


Pr = El. 

However, in elements whicli include inductance or capacitance, the phase angle between the current and the 
P.D. must be taken into account; 

P = El cos e. 

Tbi~. of course, is the general expression, since in a purely resistive element the P.D. and the curr^t are 
• in phase,” that is, there is no phase difference between them, and the terin cos ^ becomes J 

other hand, in a perfect condenser or a perfect inductance the current respectively leads or lags the p 
voltage bv 90°. and the power consumption as given by Eq. (1) is seen to be zero m each case. Ihe term 

CO# (t is often called the fower factor. See Appendix U Section J4 for a discussion of the wattmeter. 
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3. Iifipedances , A generalized form of Ohm’s law may be applied to a-c circuits. Since all elements 
in an a-c circuit are not pure resistances, a new term is introduced: impedance, the symbol for which, is Z. 
It is defined by means of the equation 

Z = f (2) 

and is measured in ohms. With a little thought it may be seen that Z has associated with it a phase angle 
since E and I have such a relationship with each other. In fact, the impedance of an element determines 
the phase angle between E and /. We have seen that there are two basic types of impedance: the pure 
resistance which does not cause a phase difference between E and /, and the pure capacitance or the pure 
inductance which shifts the phase 90°. This latter type is called a reactance and is designated by the symbol 
X, It is measured in ohms, and has an algebraic sign associated with it. A positive reactance (a pure 
inductance) is one in which the voltage leads the current by 90°; a negative reactance (a pure capacitance) is 
one in which the voltage lags the current by 90°. 

In general, an impedance consists of a combination of a resistance and a reactance. The impedance 
of the ordinary inductance coil combines a resistance with a positive reactance, and therefore has a positive 
phase angle greater than 0° but less than 90°. Since reactances and resistances are 90° out of phase, they 
are taken as the components of the impedance. From the sketch of Fig. 42-2 and Eqs. (1) and (2), it may 
be seen that power is consumed only by the resistive component of an impedance. 



Fig. 42-2. 


4. Calculation of Reactances, The reactance of an inductance depends on the size of the inductance 
and on the frequency of the current: 

Xl = ^irfL, (3) 

where Xl is in ohms, L in henrys, and / in cycles per second. 

The reactance of a capacitance is similarly given by 

T- 1 

( 4 ) 

where Xc is in ohms, C in farads, and / in cycles per second. 

The reactive component of any impedance (see Fig. 42-2) is given by 


X = Z sin B, 

whereas the resistive component is given by R = Z cos 6. 


( 5 ) 

( 6 ) 


5. Series Circuit. In a series circuit such as the one to be studied, the current in each element of the 

circuit must be identical with that in all the other elements. The current surging through the circuit and 

reversing its direction in the entire circuit 120 times per second (in the case of 60-cycle current) must be 

in the same phase in each circuit element. Clearly, then, if the phase relationships between current and 

voltage in the individual elements are to hold, the individual potential differences must differ in phase, each 
from the others. 

It will be convenient, therefore, to use the common current as the reference of phase. It is obvious 
from the foregoing that the voltage across the resistor may be expected to be in phase with the current, the 
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b. Compute the power factor for each element of the circuit and for the total circuit, using Eq. (1). 
Assume that the power factor of the condenser is zero. It is too small to be measured by these 

methods. 

c. Compute the phase angle 6 for each element and for the total circuit. Its sign is known for each 
element but not for the total circuit. 

d. Compute the impedance Z in ohms of each element and of the total circuit, using Eq. (2). 

e. Compute the reactance X and the resistance R of each element and of the total. See Fig. 42-2. 
The sign of X for each element is known, but it is not known for the total. 

f. Compute the size of the inductance L in henrys of the choke and the size of the capacitance C in 
farads of the condenser bank using Eqs. (3) and (4). The frequency is 60 cps. 

g. Compare the corrected total power dissipated in the entire circuit with that of the corrected sum 

of those in the three elements. 

h. Compare the total resistance with the sum of the separate resistances. 

i* Compare the total reactance with the algebraic sum of the separate reactances. Choose the sign 
of the total reactance to correspond with the sign of the algebraic sum of the separate reactances. 
]. Compare the total impressed voltage with the vector sum of the separate potential differences. 
To carry out this procedure, construct a vector diagram. See Fig. 42-3. Use a full sheet of 
graph paper for accurate work. 

k. Compare the calculated values for the capacitance of the condenser and the resistance of the 
lamp bulb with the expected values. Account for diflFerences in each case. 

1. By use of Eq. (7) compute the expected value of Z for the entire circuit and compare this with the 

measured value. 

m. By use of Eq. (8) compute the expected value of the phase angle 6 of the entire circuit and com- 
pare this with the measured value and with the value obtained from the vector diagram of 
item j. 

n. By use of Eq. (9) compute the expected P.F. for the entire circuit and compare this with the 
measured value. 

Record: (Partied sample) 

App. No. A.c. circuit board 

W attmeter 

Voltmeter 

Ammeter 

Resistance of wattmeter 10»0^0 ohms 

Size of condenser ^f 

Size of lamp bulb watts, volts 


Quantity 

Element 

I, 

ave 

read 

amps 

E, 

ave 

read 

volts 

p, 

ave 

read 

watts 

p, 

actual 

watts 

Power 

factor 

e, 

deg 

z, 

ohms 

R 

comp 
of Z 
ohms 

X 

comp 
of Z 
ohms 

Size 

Ex- 

pected 

size 

Lamp 

0.400 

79.7 

32.6 

32.0 

1.00 

0.0 

199 

199 

0 

199 ohm 


2 Choke 

0.400 

106.2 

6 . 6 

5 . 5 

0. 129 

82.6 i 

266 

34 

264 

0.700 henry 

0 

g Condenser 

0.400 

110.8 

1.0 

0.0 

0.000 

— 90.0 

277 

0 

-277 

9.58 X 10-« 

farad 


1 

Total 

0 . 400 

95.3 

38.8 

37.9 

0.994 

±6.3 

239 

238 

±26 


® 

Calc Tot 

(0 . 400) 

94.2* 

0 

37.5 

0.998 

—3.2 

-3.4* 

236 

233 1 

-13 

0 

® 

% Diff in Total 


1.2 


1.1 

0.4 

0 

1 

2.1 

0 


0 


* Indicates value obtained from the vector diagram. 

0 Indicates a space which is not to be filled. 

QUESTIONS 


!• In this experiment a large percentage difference frequently occurs between Xtotai as measured and 
Xtoui as calculated. Explain. [Hint: See Eq. (la).] 
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\ o tage across the inductance to lead the current, and the voltage across the condenser to lag the currcnf 
further, in general, the voltage impressed across the entire circuit will not be in phase with the current in 

circuit. It will, in fact, be the vector sum of the individual potential differences 
in the circuit. (Compare this with the d-c case; can it be said that the d-c circuit 
IS a special case of the a-c circuit? In what way?) Since the voltages add vec- 
tonally it is possible that an individual P.D. may be larger in magnitude than the 
vector sum of all the potential differences {i.e., the applied emf). See Fig. 42-3 

It is clear, from Sections 3 and 4, that the algebraic sum of the reactances in a 
series a-c circuit is the total reactance of the circuit. Similarly, the simple sum of 
all the resistive components in the circuit must add up to the resistive component of 
the entire circuit. The total impedance Z of the circuit will then be given by 



Fig. 42-3. 


z = Vii"* + 


( 7 ) 


^ ^ respectively the total resistance and the total reactance in the 

circuit. Likewise the phase angle d for the circuit is given by 

R 


tan 6 = 


Finally the power factor for the circuit is given by 


( 8 ) 


P.F. = cos $ = ^ 


( 9 ) 

See Fig. 42-2. 

The error equations in this experiment are complicated by the presence of trigonometric functions; 
hence no attempt will be made to derive all the error equations. However, there is one place where the 
errors in P, P, and I have a pronounced effect on the result. This occurs when one attempts to determine 
the phase angle Q from the power factor cos B when this power factor is very nearly equal to one, i.e., when 6 
is very nearly equal to zero. In this case it may be shown that AO is given approximately by the equation 


AO 


Ht 


£ P 


for 


^ ^ 0 . 


(la) 


Method: 1. Check the zero readings of all the instruments. They must lie flat on their backs. Avoid 
parallax (see Appendix II, Note F) by using the mirror behind the scale and lining up the needle with its 
image in the mirror before taking a reading. 

2. L^se the smaller capacitance available in the condenser bank if an adjustment is provided. 

3. Adjust the current to 0.400 amp with the voltmeter and wattmeter potential leads disconnected. 
Later, when these are connected, the ammeter reading will change, but this may be ignored since the current 
in the circuit element will remain very close to 0.400 amp. (Why?) 

4. Use the 150-volt scale on both the voltmeter and the wattmeter. 

5. Connect the voltmeter leads across /J, across L, across C, and across MP (whole circuit) in succession, 
recording each reading. The current should be checked before and after each reading. If the current has 
changed after removing the voltmeter leads, the reading should be discarded and another one taken after 

f 

readjusting the current, 

6. Repeat instruction 5 for the wattmeter potential leads. 

7. Change the current slightly with the rheostat and then readjust it to its original value of 0.400 amp. 
Then repeat instructions 5 and 6. 

8. Repeat instruction 7. 

9. Computations. Average the three groups of readings on each instrument and enter the averages in 
columns 2, 3, and 4 of the record. 

A determinate error is introduced into the data because the wattmeter measures not only 
power dissipated in the element being measured, but also that consumed by the voltage winding 
of the wattmeter itself. This latter amount should be subtracted from the wattmeter reading to 
obtain the power actually dissipated in the measured element alone. The correction maybe 
taken as where the wattmeter resistance, is printed on the dial of the instrument. 

Compute the actual power consumed in each element of the circuit and m the total circuit. 


a. 




Experiment U3. 

Vacuum Tube 



Object: To obtain characteristic curves of a vacuum tube; to find its amplification factor. 

Apparatus: \ acuum-tube test board with 6J5 tube, socket, filament transformer, plate voltmeter 

^ dc.), plate milliammeter (0 — 15 dc.), and plate voltage potentiometer (5000 ohm, 50 watt); grid 

batter\ , source of plate voltage (about 300 volts dc.). See Appendix II, Section Gl for vacuum-tube circuit 
svmbols. 

Theory: Electronic vacuum tubes depend for their functioning on the fact that certain metals, when 
heated, emit electrons quite freely from their surfaces. If a filament made of, or coated by, such a metal is 
introduced into a tube which is then evacuated, and if a current is now passed through this filament, heating 
it, the space surrounding the filament will be occupied by a cloud of electrons which have been “boiled*’ off 
the filament. The process will not, however, go on indefinitely, since the cloud of electrons (the “space 
charge *) quickly becomes so dense that it is able to repel subsequent electrons back into the filament. Equi- 
librium is reached when as many electrons fall back onto the filament per second as are boiled off. We have 
described what may be designated as a “monode,” the simplest electron tube. See Fig. 43-1. The ordinary 
incandescent lamp bulb is a “monode.” 



Vf 

Fig. 4S-1. 



Fig. 43-2. 





Fig. 43-3. 


The Diode: Edison Effect. While developing the incandescent lamp, Edison noticed the gradual black- 
ening of the inside of the bulb by evaporation emitted by the carbon filament. He inserted a plate of naetal 
into the bulb near the filament, and upon connecting a galvanometer between this plate and the positive 
side of the filament a current was observed, whereas none occurred if the connection was to the negative side 
of the filament. See Fig. 43-2. This observation, made in 1883, and called the Edison effect, was unex- 
plained until about 15 years later when the existence of electrons was discovered. Apparently some of the 

space charge reaches the plate, thus closing a circuit through the galvanometer. * j 

If now a battery is connected in the plate circuit, as shown in Fig. 43-3, with the plate maintaii^ at a 
positive potential with respect to the filament, a much stronger flow of electrons will be obtained, smce 
there is an electric field between the plate and the filament, attracting the electrons to the pkte. 

It should be noted that the conventional current is actuaUy opposite in direction to the flow of electrons. 
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It should also be clear that this plate current can be only in the direction shown, since the plate is cold, and there- 
fore does not emit electrons. 

As et is increased, the plate current 4 also increases, but only up to a certain maximum. When all the 
electrons emitted by the filament are drawn over to the plate, further increase in plate voltage will not 
increase plate current. See Fig. 43-4. To increase 4> it is necessary to raise the filament temperature, which 
results in an increased emission of electrons. However, vacuum tubes are almost always operated in such 
a manner that some space charge exists, so that the plate voltage affects the plate current. 

The Triode. If between the filament and the plate of the diode already described a grid or mesh of wire 
is inserted in the region of maximum space charge, a triode (“three electrodes”) has been formed. See 
Fig. 43-5. Because of its proximity to the space charge, the grid has a greater effect on the motion of the 
electrons in this region than does the plate. If the grid is negative with respect to the filament, it repels the 
electrons back toward the filament, forming a smaller but more compact charge nearer the filament: thus, 
fewer electrons get through to the plate, and 4 is decreased. By making the grid sufficiently negative, the 
plate current can be entirely cut off. 





Fig. 43-4. 


Fig. 43-5. 


Fig. 43-6. 


Since a small negative grid voltage Cc reduces the current to the plate, an entirely new curve like that 
of Fig. 43-4 will be obtained by varying the plate voltage. By plotting such curves for several values of grid 
voltage, a family of such curves will be obtained; a family of plate charcwteristics , See Fig. 43-6. 

If, on the other hand, the plate voltage is held constant, a series of observations of plate current versus 
grid voltage will give a grid characteristic curve. A family of such characteristics for different values of 
is called transfer characteristics. See Fig. 43-7. (They are so called 
because action on the grid is transferred to results in the plate circuit.) 

The slope of a typical curve of Fig. 43-6 at any definite point on 
the curve (definite 4 and eC) shows the rate of change of the plate 
current with respect to the plate voltage for the value of the grid 
voltage Cc corresponding to that curve. Suppose for example, that this 
is 1 ma per 10 volts. The slope of the corresponding curve in Fig. 

43-7 (same Cb) at the corresponding point (same 4) shows the rate of 
change of the plate current with respect to the grid voltage. Suppose 
that this is 1 ma per 1 volt. In this example it is necessary to change 
the plate voltage 10 times as much as the grid voltage to produce the 
same change in the plate current. Thus, in this example, the grid is 
10 times as effective as the plate in controlling the plate current. The 
quantity 10 is called the voltage amplification factor of the tube and 

is represented by the symbol This factor may be obtained approximately from a single set of character- 
istics by noting that in order to hold constant during a small increase of the grid voltage A^c, the plate 
voltage will have to be decreased by a larger amount Ae^. The ratio of the latter to the former will equal 
the amplification factor as given by the equation 



M = 


Ae^ 


for constant 


( 1 ) 
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Fig. 43-8. 


fication factor. Tlie input voltage has, in effect, been amplified. If further amplification is desired, this 

nev ' o'tage may be fed into the grid of a second tube and again be amplified. By using several stages of 
ampbfacation, the original signal voltage may be amplified by many millions. 

The filament of the tube to be used (6J5) is surrounded by a metal cylinder called the cathode 
whmh when heated by the filament emits electrons. See Fig. 43-8. The filament in this case is not a good 
emitter. The cathode is built to emit a maximum of a little over 0.01 amp of electrons. 

15 Note that this limitation means that not all the spaces in the reconl will be 

failed. With zero or positive grid voltages, less plate voltage is required to attain the maximum allowable 

p ate current. On the other hand with large negative grid voltages, even the maximum available plate 
voltage will not be enough to reach the maximum current. 


1. Using the test voltmeter, measure the filament a-c voltage. It should be close to 6.3 volts. 

2. Connect the grid battery so that ec = volts (grid positive with respect to the cathode). Take a 
series of readings of the plate current for values of the plate voltage differing by 20 volts, being careful not 
to exceed the limit of 15 ma. Now connect the grid to the cathode so that Cc = 0 volt. (Note that merely 
disconnecting the grid is not suflScient, for then it floats’’ in potential. It catches electrons which it cannot 

dispose of and rapidly becomes very negative.) Again take a series of plate currents versus plate voltages. 
Repeat for values of ec in l^^-volt steps to minus 7^ volts. 

3. Trace the circuit, paying particular attention to polarities. 

4. Plot the family of plate characteristics. Plot the family of transfer characteristics. Connect the 
plotted points by smooth curves. See, for example, Fig. 43-’9. 

5. Determine the amplification factor for ib constant at 5 ma, from the second set of curves, in the neigh- 
borhood of = —3 volts. Mark on the graph the voltage changes measured. 

6. Draw the circuit diagram in the clearest and mos^t easily followed manner. 


Record: 


i 

1 

eb 

> 

0 


-3 

— 4^ 

-6 

-7^ 

0 V 








20 








40 








60 








80 






- 


100 








120 








140 









Type of tube^ 

Filament voltage 
From graph: 

Acc 

Asb 

fi 


EXPERIMENT 43: VACUUM TUBE 


113 



S3M3Shf\^IT7/W /V! SJ-V-ta 



•Ji 


Fig. 43-9. 





Experiment 44. 


Cathode-ray Oscilloscope 



Object: To become familiar with the operation and some of the uses of a cathode-ray oscilloscope: to 
study Lissajous figures. ^ 

Apparatus: ^Cathode-ray oscilloscope, audio-frequency oscillator, standard-frequency oscillator, 

permanent-magnet dynamic loud-speaker with output transformer (10,000 ohms to speaker coil), 6-volt 

storage battery, 6-volt radio vibrator, rectifying and square-wave generating circuit (see Fig. 44-1), 0.004-/i/ 
condenser, 470,000-ohm resistor. 
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Fig. 44-1. 

Theory: The student should study carefully Note N, Appendix II, before attempting to perform this 
experiment. The construction and operation of the cathode-ray oscilloscope and some of its more common 
uses are discussed in that note. 

WTien two simple harmonic motions are plotted against each other at right angles, the resulting pattern 
is called a lAssajous figure. The time plot of a simple harmonic motion is sinusoidal. Thus, two sinusoidal 
electrical voltages plotted against each other by means of a cathode-ray oscilloscope result in a Lissajous 
figure. Stationary patterns are formed only when the frequencies of the two alternating vol^ges are the 
same or bear a rational relationship to each other {i.e., the ratio of the frequencies must be a rational number 
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such as 2/3, 51/45, etc.). Each such frequency ratio results in a characteristic pattern, which itself takes on 
different forms depending on the phase relationship of the two components. See a physics textbook such as 
Lemon and Ference or Hausmann and Slack for a discussion on the formation of Lissajous figures. To 
determine the frequency ratio corresponding to any Lissajous figure, it is only necessary to imagine straight 
lines passing through the figure in directions parallel to the axes of formation and to count the number of 
times each line is crossed by the figure. The ratio of these crossings is the inverse ratio of the frequencies 
in the directions of the lines. See, for example, Fig. 44-2. The student should decide for himself why this 
is true. 


(6 crossings) 



Fig, 44-2. 

Method: Referring to Section 3 of Note N, Appendix 11, examine the cathode-ray oscilloscope, locating 
each control and input terminal. Turn on the power, and reduce the horizontal and vertical gain controls to 
zero. Also set the “Synch. Amplitude” control to zero. When the beam appears, or after about a minute, 
adjust the intensity and focusing controls until the beam is a single sharply defined spot of faint intensity. 
Move the spot to the center of the scope face by means of the centering controls. Turn up the horizontal 
gain control until, with the sweep circuit connected, the beam traces a horizontal path nearly the full width 
of the face. Adjust the sweep frequency to the lowest possible value. On some instruments this is as low 
as one or two sweeps per second. 

Part I, Wave Forms as Functions of Time. Connect the output of the audio-frequency oscillator to the 
vertical input terminals of the cathode-ray oscilloscope (CRO). Note that each instrument has a terminal 
labeled “ground”; these should be connected to each other. Set the oscillator frequency to about 1000 cps 
and adjust the oscillator amplitude control and the vertical gain control of the CRO until the beam deflects 
vertically about two-thirds of the face diameter. Readjust intensity and focusing controls if necessary. 
Adjust the frequency controls of the oscilloscope sweep circuit until a sinusoidal pattern is visible. It will be 
necessary to adjust the vernier frequency control carefully to “stop” the pattern. When the hand is taken 
off the vernier control, the pattern will probably soon begin to “walk” along the sweep. When it does so, 
set the scope synchronization control to “Internal,” and adjust the “Synch. Amplitude” control to “stop” 
the pattern. Study the interaction of the “Synch. Amplitude” and the frequency vernier controls; that is, 
determine how much the basic sweep frequency may be moved before the pattern “jumps out of synch” as a 
function of how much synchronizing signal is used. W^ith a moderately large synchronizing signal, adjust the 
frequency controls to obtain different numbers of cycles of the sinusoidal pattern on the scope. It should 
be possible to “synch in” at one, two, three, etc., up to perhaps 15 cycles of the pattern being presented on 
the scope. Change the frequency of the oscillator, and repeat the previous process. With a large number 
of cycles crowded onto the scope face, increase the horizontal gain until two or three of the center cycles now 
occupy the whole scope face. Move the horizontal centering control to examine in detail other cycles of the 
wave. Return centering and gain controls to their original position. 

Connect the radio vibrator in series with a resistor of about 4 ohms to the 6-volt battery, and connect the 
oscilloscope leads across the resistor. Examine the wave form of the vibrator current. (Note: This is a 
standard technique for presenting current wave forms rather than voltage wave forms on an oscilloscope; the 
element being checked is placed in series with a resistance of a size which will not appreciably change its 
characteristics, and the voltage across the resistor is examined. It is, of course, proportional to the current in 
the tested element.) As in the previous paragraph, expand and examine details of the wave form. 

Connect the standard audio-frequency oscillator to the vertical terminals of the oscilloscope, and to a 
storage battery if necessary. Examine its output. 

Examine the output of the rectifying and square-wave generating circuit. Study the full-wave rectifica- 
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tion. the half-wave reel itica lion, and the square-wave output. Connect the 0.004-juf condenser and the 
4.0.000-tdun resistor in series across the o\itput of tlie square-wave generator, and examine the voltage 
across the resistor by means of the oscilloscope. This voltage is similar in wave form to the current in the 
condenser. 11 hij? Note that the condenser charges rapidly during the rising portion of the square wave 
and then discharges through the resistor exponentially; note the reverse charge and discharge during and 
following the falling portion of the square wave. If a decade condenser box is available, substitute this 
for the hxed condenser, and note the wave form for diflferent capacity values. See Eq. (6) of Experiment 31, 

and read the jiaragraph on Time ot Charging. How does the rate of discharge depend on the time constant of 

ihc circuit? 

>kotch a typical \Yave form from each of the previous experiments. 

( oniiect the input of the scope to the high-impedance winding of the output transformer of the loud- 
speaker. Adjust the vertical gain of the scope until a good deflection is obtained when speaking in a normal 
voice into the speaker. .Adjust the frecpiency of the sweep to get a good presentation of the wave forms. 
The synchronization controls will not be of use here. Why? Hum a steady tone into the speaker, and 
examine the wave form. The synchronization control w'ill be of assistance here. Whxj? Sing a note in 
low register into the speaker and examine this wave form. Sing a clear falsetto note and again examine, 
ir/m/ the difference in appearance? Whistle a clear tone and again examine the wave form. How does 

this compare U'ith the sine uares previously viewed? Sketch a typical pattern from each of the preceding 
procedures. 


Pari II, Frequency Comparison. Connect the standard-frequency oscillator (1000 cps) to the vertical 
input, and feed the output of the variable audio-oscillator into the horizontal input. Switch the horizontal 
amplifier so that it accepts the audio signal rather than the sweep. Adjust the audio-oscillator to 1000 cps 
by watching the oscilloscope for the appearance of an ellipse. If possible, “stop’' the ellipse. Record the 
oscillator dial reading at this point. Allow the ellipse to change phase, and note the various shapes it takes 
on. Adjust the oscillator to 500 cps to get the 1 : 2 Lissajous figure. This is a “figure 8 ” on its side. Obtain 
the 2 : 1 pattern at 2000 cycles. This is also a “ figure 8,” but it is upright. Obtain various integral Lissajous 
figures down to 1:10 and up to 10:1. Note that since it is difficult to count line crossings above 4:1, the 
vernier control should be moved gradually until the next integral figure is formed. In this w'ay it is possible 
to obtain each integral figure without actually counting line crossings. Next obtain other patterns such as 
3:2 1^:1) at 1500 cycles, 4:3 (1^:1), 5:4, and also 2:3, 3:4, and 4:5. Record the oscillator dial reading at 
each setting. Tabulate the dial readings and the actual frequencies at those points. 

Replace the standard 1000-cycle oscillator by the radio vibrator at the vertical CRO terminals. Adjust 
the audio-oscillator until the 1:1 pattern corresponding to an ellipse is obtained. Read this frequency. 
Adjust to the 2 : 1 and the 1 : 2 patterns to examine their shapes. 

Replace the radio vibrator with the rectifying and square-wave generator, and determine the repetition 
frequency of each of the three wave forms available. Why is it different for full and half '■wave forms? 


Part III. Amplitude Comparison. As a standard, the output of the square-wave generator may be 
used, since it is limited to 3 volts peak-to-peak by its design. Using the sweep, present the square wave 
on the scope. W ith the vertical gain control, adjust the size of the pattern so that the peak-to-peak ampli- 
tude occupies a convenient space on the scope, say two scale divisions per volt, or six divisions in all. Do 
not change the setting of the vertical gain control after this point. Then present the full- and half-wave 
rectified patterns, and count the number of scale divisions of amplitude of each, inserting these figures in a 
sketch of each vrave. Similarly measure the amplitudes of each of the salient features of the output of the 
radio vibrator in volts. It may appear during the work that a different scale would have been more con- 
venient. In this case, readjust the size of the standard figure, and remeasure all the other figures in t e 

new terms. 


Record: Include in the record all wave form sketches and measurements made. Answer the italicized 
questions in the text of the Method. 


Experiment 45 . 


Vacuum-tube D-C Amnlifier 


Object: To study the use of a vacuum tube as a d-c voltage amplifier; to construct a vacuum-tube 
voltmeter^ 


Apparatus: Vacuum-tube test board, Avitli 6J5 tube, socket, filament transformer, voltmeter (0 to 150 
volts dc, 1000 ohms per volt or better), and 5000-ohm 50-watt potentiometer; grid-bias battery (3 volts); 
0 to 3 volt d-c voltmeter; 100-ohm potentiometer; two dry cells; dial resistance box; source of high-voltage 
plate current (about 300 volts); 0 to 150 volt mirror-scale d-c voltmeter (100 ohms per volt or better); 

47,000-ohm 2-watt plate load resistor; milliammeter (0 to 1 ma); 10,000 + 10,000 ohm resistor; 56,000-ohm 
resistor. 


Theory: As mentioned in Experiment 43, a vacuum tube is capable of acting as a voltage amplifier, 
in the sense that a small signal voltage applied to its grid results in a larger output voltage at its plate, 
given the proper circuit connections. Such a tube with its associated circuits is called a stage of 
aTtipliJicat'ioTi, A vaciitLTii-tvhe ainplifieT consists of one or more stages of amplification. In any given 
application, enough stages of amplification are used to amplify the incoming signal to the point where the 
final output voltage is capable of actuating a suitable device, such as a voltmeter, loud-speaker, impulse 
counter, etc. The over-all amplification obtained in such an amplifier is equal, of course, to the product of 
the individual stage gainSy and may range from factors of many billions down to values of less than unity, 
depending on the application. The present experiment concerns a single-stage amplifier, and some of the 
concepts and characteristics associated with it. 

A principal matter of interest is the gain of the stage. The gain may, of course, be measured. Cal- 


culation or prediction of its value is often an involved procedure if exact values are desired, but good approxi- 
mate values can be predicted rather easily under normal circumstances. To do this, we use an “equivalent 
circuit, which depicts the tube as a source of emf with an internal resistance and places this source in the 
remainder of the circuit as it actually is, except that the fixed supply voltages are eliminated. The equivalent 
circuit resulting from this treatment is solved by use of Kirchhoff’s laws and in this way the behavior of the 
actual circuit is usually quite well predicted. 


In Fig. 45-1 is shown a simple vacuum-tube amplifier stage and its equivalent circuit. The actual 
circuit (a) consists of the tube, a load resistor, i?L, a plate supply voltage, Vpy and a grid bias voltage, eco, 
A signal voltage, to be amplified, is inserted as shown, and the output voltage, ^out, is taken between plate 
and cathode. The action of the circuit is as follows: with no signal voltage, e^ — 0; the d-c value of the plate 
voltage is determined by the value of the grid bias, the plate supply voltage, and the load resistor. If there 
IS any plate current, then the plate will be at a lower potential than the supply voltage because of the 
IR drop” in Rl. Thus et ( = eDs) will have a no-signal, or quiescent, value, Cbo- We are interested, however, 
only in the change in voltage across the terminals B and D in response to an incoming signal, eg. It is this 
change in eh that we define as ^out- If a positive signal, Cgy is applied, then the grid of the tube is driven more 
positive (less negative) with respect to the cathode. This causes an increased plate current. The increased 
current in the load resistor, Rlj causes an increased IR drop across it, and thus the plate of the tube goes 
to a lower potential. The difference between the quiescent value, eho, and the new value of eh is e^^^. Since 
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the plate voltage decreases for a positive input signal, we see that the circuit reverses the sign of a signal as 

well as amplifying it. It will be instructive for the student to verify this by applying the above reasoning 
to a negative input signal. 



Fig. 45-1. 

In the equivalent circuit (b) the tube has been replaced by a voltage source, iie,, and a resistance, r,. 
fi is the amplification factor of the tube; Vp is the plate resistance. Since the equivalent circuit concerns 
only changes resulting from an input signal, the plate and grid batteries have been left out of the circuit. A 
positive input signal, eg, causes an output current, ip, in the direction shown. As it is drawn, the equivalent 
circuit may now be analyzed by ordinary Kirchhoff methods. This is a single-loop circuit, and its equation 
for voltages around the loop may be written as follows: 


fX6g 


ir>RL — ipTp ~ 0, 


( 1 ) 


The output voltage, e^uu is simply the IR drop of ip across Rl, and, since the voltage is measured with respect 
to point D, convention states that ip, as shown, is in a negative direction. 


Thus 

Solving Eq, (1) for ip we get 


^out XnR/ 


( 2 ) 


Xp 




We substitute this in Eq. (2) and find that 


Tp “h Rl 


^Rl 


out 


r„ + Rl " 


( 3 ) 


The quantity — \iRlI { fp + Ri) is called the gain of the stage, since it is the ratio of the output voltage to 
the input voltage. It is directly proportional to the amplification factor of the tube, and depends also on 
the plate resistance of the tube and on the load resistance. If the load resistance is high compared to the 
plate resistance, then the gain is seen to reach the value — ju, in the limiting case. In all other cases, the gam 

of the stage is less than the amplification factor of the tube. 

The analysis thus far assumes that the output voltage is fed into an infinite resistance; i.e.y the external 
resistance across points jB to Z) is infinite. If the external circuit has a finite resistance, this resistance must 
be inserted in the equivalent circuit between B and D. It is then simply in parallel with resistance Rl% and 
the formula of Eq. (3) must be modified to 


^out 


+ R 


( 4 ) 


where Ri is the net load resistance, and is equal to the parallel resistance of Ri and the following circuit. 

Vacuum-tuhe Voltmeter. A very useful voltage-measuring instrument can be made from a vacii^- 
tube amplifier. Such a “ vacuum-tube voltmeter ” possesses two principal advantages over elect romagn^ 
measuring instruments: in the first place, it can be constructed so as to draw only an insignificant 
current from the voltage source being measured ; and in the second place, it can be construe e o _ 

high sensitivity, while costing considerably less than a direct type of instmment of 
A very simple type of vacuum-tube voltmeter is one using the circuit of Fig. 4a-la. with an 
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meter between points B and D. For any given value of the grid input signal, e^, there exists a corresponding 
value of the plate voltage, et. Once calibrated by use of a circuit such as that of Fig. 45-2, the amplifier 
could be used to measure voltages across points AD, Since the grid circuit contains no loading resistance, 
and since the grid itself draws no current when it is negative with respect to the cathode, such a vacuum- 
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Fig. 45-2. 

tube voltmeter does not affect the (d-c) circuit to which it is connected. This simple vacuum-tube voltmeter 
has the disadvantage that its scale does not read zero for zero input signal, but reads instead the quiescent 
value of the plate voltage. To eliminate this difficulty, the voltmeter may be connected between the plate 
and a source of voltage whose value is just equal to the quiescent value of the plate voltage. Then, when 
there is no input signal, the potential difference between the terminals of the voltmeter is zero, and the meter 
reads zero for zero input signal. Any input signal will then cause a deflection on the voltmeter proportional 
to the Cout of Eq. (4). 


Method: Part /. Determination of Stage Gain mitli Load, Familiarize yourself with the connections of 
the vacuum-tube test board, and then set up the circuit of Fig. 45-2. Using 3 volts of grid bias (grid con- 
nected to negative end of bias battery), take a set of plate voltage readings, ^ 6 , for values of Cg from zero to 
— 3 volts. Record the resistance of the plate voltmeter, U 2 » since this resistance in parallel with Rl con- 
stitutes the net load resistance. (Note: Most voltmeters are rated in “ohms per volt.“ The resistance 
of the voltmeter is the number of ohms per volt times the full-scale value of voltage.) Subtract the quiescent 
value from each reading of the total plate voltage to obtain the value of ^out for each signal voltage. Plot 
the output voltage against the input signal voltage. Determine the slope of the resulting line, and calculate 
the actual stage gain. By use of Eq. (4) calculate the theoretical stage gain, using the values = 20 and 
Tp — 7700 ohms for the 6J5 tube. 

Part II. Determination of Stage Gain without Load. Modify the circuit of Fig. 45-2 to be like that of 
Fig. 45-3. Use a mirror-scale voltmeter in the high-voltage circuit. The 5000-ohm potentiometer is 



D 

Fig. 45-3. 


mounted on the vacuum-tube test board. With the grid signal voltage, set at zero, adjust the 5000-ohm 
potentiometer to get a zero reading on the milliammeter. The high-voltage voltmeter, U 3 , now reads the 
quiescent plate voltage. TVhyf Take a set of readings of plate voltage for values of signal voltage from 
zero to —3 volts, resetting the potentiometer so that the milliammeter reads zero each time. From each 
reading of the total plate voltage, subtract the quiescent value to obtain the value of ^out for each signal volt- 
age. (It should be noted that this value of ^out is the same as would be obtained under no-load conditions. 
Adjusting the potentiometer to a zero reading on the milliammeter each time ensures this — a circuit drawing 
no current has effectively an infinite resistance.) Plot the output voltage against the input signal voltage 
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on the same graph as used in Part I. Determine the slope of this line and the actual stage gain. Compute 
the theoretical stage gain using = 20 and tp = 7700 ohms, and compare with the actual stage gain Cal- 
culate the value of m which would make the theoretical stage gain equal to the actual gain. A.ssume that 
this value of m, rather than 20, is the actual value for your tube, and recalculate the theoretical gain of the 

stage for Part I of this experiment. Compare this recalculated theoretical value with the actual value 
obtained in Part I. 


Part III, Vacuum-tube Voltmeter, Modify the previous circuit to be like that of Fig. 45-4. Make 
Ri 20,000 ohms, and set dial box lU at maximum value. Turn on the high voltage, and with zero input signal, 
set the 5000-ohm potentiometer to give zero current in the milliammeter. (In an actual vacuum tube 
voltmeter, this adjustment is labeled “ zero set.”) Without changing the zero-set potentiometer, adjust the 
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Fig. 45-4. 



input signal to —2.0 volts. Adjust the dial box R 2 to make the milliammeter read 1.0 ma (full scale). If 
the minimum setting on the dial box does not bring the current up to full scale, turn off the high voltage, 
make Ri 10,000 ohms, set dial box to maximum, and reconnect the high voltage. Readjust the zero set 
with zero input signal, and reset the input to —2.0 volts. Adjust the dial box to obtain full-scale deflection 
on the milliammeter. Take milliammeter readings for a series of input signals from 0 to — 2.0 volts. Record 
the sizes of jRi and R 2 . Disconnect the input signal circuit at the points labeled A and Z), and substitute a 
test cell furnished by the instructor. This consists of a dry cell with a resistance in series to simulate an 
internal resistance. Record the voltage of this cell as measured by your VTVM. Also measure the voltage 
of the test cell with the grid voltmeter, Vi. Record the resistance of the grid voltmeter. The input imped- 
ance of the vacuum-tube voltmeter is 56,00 0 ohms (= Rg). Plot the calibration curve for the VTVM with 
milliammeter readings versus input volts. 

Record: Record apparatus numbers and the values of all components used in each circuit. List tables 
of inputs and outputs and values plotted on graphs. 

QUESTIONS 

1. Discuss the output circuit of Fig. 45-3 as a Wheatstone bridge, pointing out which elements in this 
circuit correspond to the elements of the circuit of Fig. 35-1. 

2. Draw the equivalent circuit of the vacuum-tube voltmeter, considering the resistance of the 5000-ohm 
potentiometer to be negligible compared to that in the milliammeter circuit. (Hint: The milliammeter 

circuit is now simply in parallel with the plate resistor.) 

3. Calculate the stage gain of the vacuum-tube amplifier used as a vacuum-tube voltmeter, using the 

corrected value of ju obtained in Part II. As the resistance in the milliameter circuit use Ri + R^ 
for full-scale deflection for input of -2 volts. Calculate the current to be expected in the milliammeter 
for an input to the grid of - 1.5 volts. (Hint: Calculate the change in plate voltage for such an input using 
the value of stage gain just obtained, and then calculate the current which this voltage wi cause m e 
milliammeter circuit.) Does this current agree with the calibration curve obtained in the experiment 

4. Calculate the emf and the ‘‘internar’ resistance of the test cell measured in Part HI, 

by use of the grid voltmeter and the vacuum-tube voltmeter. Compute the errors encountered in the rea - 






EXPERIMENT 45: 


VACUUM-TUBE D-C AMPLIFIER 


121 


ings of these two instruments, under the circumstances {i.e., by what factor does each instrument fail to 
measure the true emf of the cell?). 

5. If an amplifier were constructed so as to consist of two stages like that of Fig. 45- la with 56,000-ohm 
grid resistors, calculate the over-all gain, assuming that = 20 and Tp = 7700 ohms, and that the last stage 
looks into a 56,000-ohm load. (Assume that a “d-c restorer’’ is used between stages so that the difference 
in potential between the first plate and the second grid may be ignored. This could be simply a battery of 
voltage equal to the quiescent plate potential.) 

6* What would be the theoretical effect on the gain of the single-stage amplifier of Fig, 45-1 of the follow- 
ing? (Assume that /x = 30, Vp = 10,000 ohms, and Rl = 50,000 ohms.) 

(a) Placing a 50,000 ohm grid resistor between the terminals marked A and D, 

(b) Doubling the plate resistor. 

(c) Placing a load of 200,000 ohms across the terminals marked B and Z>. 

(d) Changing the plate supply voltage from 300 to 310 volts. 

(e) Replacing the tube with one having twice the amplification factor. 

7* The vacuum-tube amplifier as used in the vacuum-tube voltmeter may be thought of as a current 
amplifier. That is, it draws a certain current from the circuit being measured, and furnishes current to 
deflect the milliammeter. What is the current-amplification factor in the circuit of the experiment? Theo- 
retically, how does this factor depend on the ju of the tube ? 


Experiment i6. 


Vacuum-tube A-C Amplifier 



Object: To study the behavior of a vacuum-tube amplifier with a-c signals. 


Appcifdtjis : \ acuum-tube test board with 6J5 tube, socket, and filament transformer; 15-volt grid bias 
battery: source of plate voltage (about +300 volts dc.); 47,000-ohm 2-watt plate resistor; output load board 
with 100,000-ohm calibrated resistor and SOO-ppi condenser; input circuit board with 56,000-ohm grid resistor 
and 0.05-pi coupling condenser; 10,000-ohm General Radio dial box; audio-frequency oscillator with range 
from 20 to 200,000 cps; cathode-ray oscilloscope; single-pole double-throw switch. A-c vacuum-tube volt- 
meter optional, for use in Part I-B. 


Th eory: In addition to the factors affecting the vacuum-tube amplifier under d-c conditions, as dis- 
cussed in Experiment 45, we must consider others which occur when the signals to be amplified are alternating 
in character. These additional factors are principally those of frequency response. The gain of a stage of 
vacuum-tube amplification is usually independent of the frequency over a certain limited range of frequencies. 
This range includes the “mid-frequency” of the amplifier, which is that frequency at which no decrease of 
gain is experienced because of the reactances in the circuit. At low frequencies the gain usually decreases 
because of insuflBcient coupling capacity, and at high frequencies the gain falls off because of the loading 
effect of certain circuit capacitances. If gain is plotted against frequency, the resulting curve is horizontal 
over a certain range of frequencies, and falls off at each end. The gain of the amplifier is said to be ""flat” 
between the frequencies at which the curve begins to deviate appreciably from the horizontal portion. The 
""low-frequency half -power point” is that lower frequency at which the gain is down to 70.7% of the mid- 
frequency gain. The ""high-frequency half -power point” is similarly that higher frequency at which the 
gain is do^m to 70.7% of the mid-frequency gain. (“Half -power” implies a resistive load, in which case 
the power output is directly proportional to the square of the voltage output. Thus when the voltage is 
0.707 times as large as the reference value — the mid-frequency output voltage the power is 0.707 X 0.707 

= 0.500 times the reference power.) 

For a better understanding of the following discussion, the student is advised to review Experiment 42, 
A-c Circuits. It wiQ be recalled that the reactance of a condenser varies inversely as the frequency of the 
impressed voltage. Thus, the series coupling condenser, Cc, of Fig. 46-1 passes high-frequency signals very 
well, but at lower frequencies, its reactance becomes comparable in size to the resistance of the grid resistor, 
Rgy and the signal is voltage-divided between Cc and Rg, In addition, there is an accompanying phase s t, 
the voltage at the grid leading that impressed on the input terminals. It is seen by applying t e prmcip es 
of Experiment 42 that when the frequency is such that the reactance of the coupling condenser is equa to e 
resistance of the grid resistor, the phase shift is 45° and the signal at the grid is 0.707 of t e input sign 

Thus this frequency is the lower frequency half-power point. i . j 

By referring to the equivalent circuit. Fig. 46-lb, it is seen that a capaciUnce between plate and catlio 

circuits has the effect of a condenser in parallel with the load and plate resistors. At ig 

therefore, this capacitance shunts the output circuit with a low reactance, thus reducing the ® ^ ^ 

an accompanying shift of phase. An analysis somewhat beyond the scope of this discussion shows that the 
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half-power point is reached when the reactance of the condenser is equal to the parallel resistance of the load 
resistance /Z, the plate resistor TZl, and the plate resistance tp. In the experimental setup, a physical capaci- 
tor is placed in the circuit. In actual amplifiers, this capacitance is kept to as low a value as possible to 
improve the high-frequency response of the amplifier. In this case the capacitance, Cl, consists of the dis- 
tributed capacity of the wiring between the plate and the load, the capacitance of the load itself, and the 
internal capacities of the elements of the tube and of the socket — the sum, in fact, of all the capacitances 
between the plate and the cathode of the tube, both internal and external. 



(a) 



(b) 


Fig. 46-1 


Another aspect of vacuum-tube amplifiers which it will be of interest to examine is the amplitude-range 

of operation. The previous analysis has assumed that the characteristics of the amplifier are linear, i.e.^ 

that the output is always exactly proportional to the input signal. However, the tube characteristics have 

a limited range, and with large input signals, the operation is no longer linear. The nonlinearity becomes 

particularly striking in two cases: that of grid cutoff and that of plate saturation. If the grid is driven 

suflSciently negative, the plate current is reduced to zero. This condition is known as “cutoff.” If the grid 

is driven to zero or to a positive value, the plate current increases, causing the IR drop across Rl to become 

larger and the plate voltage smaller. When the plate voltage has dropped to a low value (determined by the 

tube characteristics) increasing the grid voltage will not increase the plate current. This condition is known 
as “plate saturation.” 


Method: Part 7. Determination of Frequency Characteristics, 

A. Using Cathode-ray Oscilloscope. (See ^Appendix II, Note N on the cathode-ray oscilloscope.) Con- 
nect the circuit as shown in Fig. 46-2, with the oscilloscope sampling the voltages at points C or as 


Rl 



Fig. 46-2. 


determined by the single-pole double-throw switch. Connect points A and F together, as shown by the 
dotted line. This places an alternating voltage on the grid equal to half of the filament voltage, i.e., 3.1 
volts. In this experiment, we wish to use a signal of approximately 1 volt, rms, and the 3.1-volt signal is 
used to calibrate the oscilloscope. Connect the scope to the grid input (point .4) by means of the switch. 
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;nul adjust the sensitivity of the scope until the 3.1-volt signal occupies about three-quarters of the scope 
face. Count the number of divisions from peak to peak of this wave, using the scope synchronization to 
halt the pattern at two or three complete cycles. Disconnect the wire between A and F, and connect the 
oscillator as shown to feed its signal to point A. Adjust the output of the oscillator (running at about 
60 cps) to give a deflection on the scope of about one-third that obtained using half the filament voltage. 
The oscillator is now adjusted for an output of about 1 volt. Readjust the sensitivity of the oscilloscope 
until the 1-volt signal fills about two-thirds of the face of the tube, and has its peaks accurately on two of the 
major lines on the scope face. This amplitude will be a reference or standard from now on. Use both the 
centering and gain controls of the scope to set up this condition. Once this has been done, do not alter the 
scope gain control further. 

Now turn on the high voltage and shift the single-pole double-throw switch so that the scope reads the 
output across the 10,000-ohm dial box. It should be noted that the combination of the dial box and the 
calibrated 100,000-ohm resistor is simply a voltage divider connected across the plate output. Adjust the 
dial box until the signal on the scope is just equal to the reference signal. Record the resistance set on the 
dial box. Knowing this resistance, the ratio of the signal at B to the signal measured at C can be computed. 
Since the signal at C is just equal in amplitude to the input signal, this ratio is just the gain of the stage. 

Set the oscillator to 20 cps. Switch the oscilloscope to read the input signal, and with the output control 
of the oscillator adjust the input signal to the reference value. Switch the scope to the output, and adjust 
the dial box to give a standard deflection on the scope. Record this value. Repeat this procedure at 200, 
600, 2000, 6000, 20,000, 60,000, and 200,000 cps. 

Disconnect the plate voltage and reconnect the circuit so that the oscillator feeds into point H, and so 
that the oscilloscope measures that input; also, connect point G to point D, placing the loading capacitor Cl 
in the circuit. Reconnect the plate voltage. Repeat the frequency run, starting at 20 cps, and measuring 
at the following additional frequencies: 40, 60, 90, 140, 200, 600, 2000, 6000, 10,000, 20,000, 40,000, 60,000, 
90,000, 140,000, 200,000. In situations where the dial box is not large enough to bring the output signal 
up to reference amplitude, set it at 10,000 ohms and count the number of divisions on the scope. Assuming 
the scope response to be linear, compute the gain on the basis of the deflection on the scope and the resistances 
used in the voltage divider. On logarithmic paper, plot in each case the gain of the amplifier versus the 

Rind the half-power points on each curve if possible. Calculate, from the circuit constants, 

the theoretical gain at mid-frequency, using jtt = 20andrp = 7700 ohms, and remembering that Rx, is shunted 

by the voltage divider network. 

B. U»ing a-c Vacuum-tube Voltmeter. Connect the circuit as shown in Fig. 46-2, except that the dial 
box may be left out and point C connected directly to point D. The vacuum-tube voltmeter (\ T\M) 
samples the voltages at points R or ^ as determined by the single-pole double-throw (SPDT) switch. Con- 
nect the output of the oscillator to point A, and close the SPDT switch so that the VTVM reads * ® 
at this point with respect to ground. Set the oscdlator at 20 cps, and adjust the output to give a reading of 

exactly 1 volt rms on the VTVM. ^ i. • * n 

Now turn on the plate voltage and shift the SPDT switch so that the VTVM reads the output at point R, 

the plate of the tube. The reading in volts here is, of course, just the gain of the stage. Set the osci ator 

to 60 cps. S^-itch the VTVM to read the input signal, and with the oscillat^or s output control, ^djus ^e 

sicmal to exactly 1 volt rms again. This is necessary because the output of the 

on its frequency. Switch the VTVM to the output and read the voltage here. Repeat this proce 
200, 600, 2000, 6000, 20,000, 60,000, and 200,000 cps. -n ^ e a 77 nnd so 

the haU-power point, on each curve if possible. Calculate fro shunted by the 100,000- 

at mid-Auency, using y - *0 and r, - 7700 ohms, and remembermg that Bs is shunted Dy 

ohm resistor. 
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Part //. Phase Relationships. With the circuit connected as in Fig. 46-2> connect point A. to point F 
as indicated by the dotted line. Wire the SPDT switch so that the cathode-ray oscilloscope samples the 
voltages at either point A or point B. Connect the plate voltage, and synchronize the oscilloscope on 60 
cycles (line). Adjust the oscilloscope frequency controls so that two cycles of the input wave are displayed. 
Note the phase of this input (whether it is rising or falling at the left-hand end). Switch the scope to read 

the output voltage. After adjusting the amplitude control, note the phase of this wave form. What is its 
relationship to the input wave form ? 

Disconnect the plate voltage, and connect the oscilloscope so that the input of the amplifier (point H) 
IS connected to the vertical-deflection terminal of the oscilloscope, and the output (point B) is connected to 
the horizontal-deflection terminal. Set the oscilloscope’s horizontal amplifier switch so that the amplifier 
output is substituted for the ordinary sweep. Connect the amplifier so that the input from the oscillator 
is capacitively coupled (i.e., the oscillator is connected to point fl) and so that the loading capacitor, Cl, 
is in the circuit. Set the oscillator at about 600 cps with an output of about 1 volt rms, and connect the plate 
voltage. Adjust the gain controls of the oscilloscope so that the pattern is tilted at about 45° and has a 
maximum dimension equal to about three-quarters of the scope diameter. Make a sketch of the type of 
pattern presented. If it is not a straight line in the second and fourth quadrants, call the instructor. 

Now reduce the frequency until the pattern becomes an ellipse with the major axis two to three times 
as large as the minor axis. Using the centering controls on the scope, move the pattern until the center of 
the ellipse is at the center of the scope. Count and record the number of divisions on the scope between 
the places where the ellipse crosses the vertical axis. Count and record the divisions between the maximum 
vertical limits of the ellipse. Record the frequency. See Appendix II, Note N, for the method of deter- 
mining the phase angle these measurements indicate. As mentioned in the Theory, this is a leading angle, 

i.e.y the output voltage leads the input voltage by this angle. Examine the amplitude-frequency curve 
previously obtained. How do phase shift and amplitude loss correlate at a given frequency? 

Part III, Overdriven Amplifier, With the plate voltage off, connect the circuit as in Fig. 46-2, with 
the scope measuring the output voltage at point B, Connect point F to point A so that the input signal is 
about 3 volts rms. Connect the grid bias battery for a bias of “4rJ volts. Turn on the plate voltage and 
examine the output on the scope. Note whether it seems to be a good sine wave. Now examine the output 
with the different biases available, namely —15 volts, —131^, —12, — lOi^, —9, —7^, —6, —3, —1^, and 
zero (point ^ connected directly to the grid). Sketch the output wave form in each case. Describe 'what 

is happening in the circuit to produce the observed wave forms. Remember that the output is inverted 
compared to the input. 

Record: Record apparatus numbers and the values of all components used in each circuit. List tables 
of inputs and outputs, and other data called for in the Method. 

QUESTIONS 

1. By use of the applicable portions of Experiment 42, calculate the half-power frequencies of the cireuit 
of Fig. 46-2 with the coupling and loading condensers used in the circuit. 

2. Calculate the value of the tube amplification factor which would yield the same mid-frequency 
stage gain which you measured in Part I. 

3. The oscilloscope or vacuum-tube voltmeter used in Part I does not have an infinite input impedance 

If Its input impedanee is 1 megohm (lO® ohms), what percentage error in the stage gain is introduced by 
ignoring its loading effect on the plate circuit? 

4. It was tacitly assumed that the response of the oscilloscope or the vacuum-tube voltmeter used in 
Part I was independent of frequency. However, both instruments use vacuum-tube amplifiers similar to the 
one under investigation. Discuss briefly the errors introduced into Part I of the experiment by a frequency 
response in these instruments similar to (but a good deal better than) that of the amplifier stage studied. 

5. Over what range of frequeneies is the experimental vacuum-tube amplifier “ flat ” ? For the purposes 

of this question, assume that a drop of 3% or less is satisfactorily flat. Answer this for each gain-freouencv 
curve plotted. u 
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6. Wliat would be the oscilloscope pattern in Part II indicating a 90° phase shift? Prove your answer. 

7. In most oscilloscopes, the amplifier for the horizontal deflection plates is a different type from that 
for the vertical deflection plates, and thus the two amplifiers will have different frequency characteristics. 
Suppose that the horizontal amplifier were poorer in quality than the vertical amplifier. What effect would 
this have on the results in Part II? Describe how, using the same input signal to both, the oscilloscope 

amplifiers could be “calibrated” at some frequency, and then used to get an accurate measure of the phase 
shift in the experimental amplifier. 

8. Assuming that the input signal used in Part III were known to be 3.15 volts rms, and that the 
indicated values of bias voltage used were the true ones, estimate the approximate limits of linear operation 
of the experimental amplifier in terms of the maximum and minimum total instantaneous grid voltage allow- 
able. (Hint: The total instantaneous grid voltage is the algebraic sum of the grid bias and the instantaneous 
value of the input signal; the peak-to-peak amplitude of a sine wave is 2.83 times the rms value.) 

9. In the capacitively coupled vacuum-tube amplifier, consisting of two or more stages of amplification 
such as the one studied, no “d-c restorer” is necessary between stages. (See Question 5 of Experiment 45.) 
Explain. 



Experiment ^7 


Thermionic Emission: Richardson’ s Equation 



Object, To study the relation between the saturation current and the filament temperature of a diode 
vacuum tube Richardson’s equation. To determine the work function of tungsten. 

Apparatus: Mounted FP400 tube, filament d-c ammeter (0 — 2.5 amp), plate d-c milliammeter (0 — 25 

ma), plate d-c milliammeter (0 1 ma), plate d-c voltmeter (0 — 150 volts), traveling microscope, storage 

battery, rheostats, switches. 

The FP400 tube (General Electric Company) is a diode well adapted for the study of thermionic 
emission in a high vacuum. It consists primarily of a pure tungsten filament axially located in a cylindrical 
zirconium-coated-nickel anode. There is a small hole in the anode through which one may view the central 
portion of the filament for the purpose of temperature determination. The use of pure tungsten for the 
filament is advantageous since its properties are well known over a wide range of temperatures. The elec- 
trical operating values of this tube are convenient. A heavy-duty 6-volt storage battery mav be used to 
supply the filament current and the plate voltage may be supplied from a d-c 110-volt power supply. For 
a more complete description of this tube see Appendix II, Note P. 


Theory: A metal is characterized by the existence in its structure of a large number of free electrons 

(about one per atom) which are not permanently attached to the atoms but are virtually free to move about 

in the metal. A potential barrier at the metal surface tends to prevent these free electrons from escaping 

at normal temperatures. However, when the metal is heated to a suflBciently high temperature, some of 

these free electrons acquire suflScient additional energy to carry them over the potential barrier. Thus at 

high temperatures the metal emits an appreciable number of these electrons which may be drawn away from 
the heated metal by a suitable electric field. 

In the case of the ordinary diode this field is produced by impressing a suitable potential difference 

between the filament (heated metal) and the plate. If the plate is held at a large enough positive potential 

mth respect to the filament so that all of the electrons emitted by the filament are drawn to the plate, then 

the plate current is controlled primarily by the filament temperature and is practically independent of the 

plate potential. Under these conditions the plate current is said to be saturated and is purelv a function of 
the temperature of the filament and its surface area. lunction ot 

The relation between the saturated plate current r, and the absolute temperature T of the filament is 
given by the equation 


= Jll 




(.Xiicnardson s equation). 


where A is a constant directly proportional to the surface area of the filament, k is Boltzmann’s constant 

and Wo IS the work function of the metal filament. The work function is the minimum energy required to 

transfer an electron from an interior to an exterior point of the filament. It is possible to verify Richardson’s 

equation and, at the same time, determine by observing the saturation currents f, for different filament 
xcmpcrfl/tiircs 1 , 

The theoretical derivation of Richardson’s equation is a difficult matter. It may be deduced either 

by use of the laws of thermodynamics or by use of Fermi-Dirac statistics applied to electrons within a metal 
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A rigorous development on either of these bases lies outside the province of this discussion. However, a 
suggestive thermodynamical argument for the equation is given in the following section (fine print). 

The emission of electrons by a hot metal corresponds in many respects to the sublimation of a solid. In both cases 
particles (electrons or molecules) are transferred from the solid to the vapor state until, under the proper conditions, 
equilibrium between the solid and vapor states is realized. MThen this occurs the relation between the vapor pressure P 
and the absolute temperature T of the system is given by Clapeyron’s equation 


dP 


dT TAV 


( 2 ) 


Here L is the molar latent heat of sublimation of the solid and AF is the difference between the molar volume of the 
vapor and that of the solid. If it is assumed that AF is essentially the volume of the vapor because of the low density 
of the vapor as compared to that of the solid, and also that the vapor approximates an ideal gas, then 


AF = 


RT 


( 3 ) 


The molar latent heat of sublimation L is the amount of energy required to transfer 1 mol of the particles from the solid 
to the vapor state. L may be regarded as the sum of three energies: the energy Lo required by 1 mol of the particles 

* • • • • 3 ^ ^ 

to surmount the potential barrier at the surface of the solid; the kinetic energy of 1 mol of the particles in the 
vapor state ; and the work R T done by 1 mol of the particles against the prevailing vapor pressure. Thus L may be 
written 

i = i, + ^RT. (4) 

In the case of ordinary sublimation Lo is a function of T since the specific heat of a solid is a function of T, How- 
ever, in the case of electron sublimation it may be shown that Lo is practically independent of T up to extremely high 
temperatures as e\'idenced by the fact that the free electrons in a metal do not contribute appreciably to its specific 
heat. The beha^dor of free electrons in a metal is described by Fermi-Dirac statistics which give these electrons an 
enormous energy even at absolute zero but which prevent most of them from absorbing any additional thermal energy. 

Hence the free electrons inside a metal do not act at all like an ideal gas. 

If we substitute the values of AF [Eq. (3)] and L [Eq. (4)] in Eq. (2), and then integrate this equation, we get 




(5) 


where P. is an undetermined constant of integration. Equation (5) gives the vapor pressure P of the electron gas in 
equilibrium with the metal at any temperatme T. 

Since this electron gas is in equilibrium with the metal, the number of electrons leaving the metal during any time 
must just equal the number of electrons returning to the metal from the vapor in this same time. This latter quantity 
may be calculated from elementary kinetic theory and turns out to be proportional to P/ If the electron vapor is 

not aUowed to accumulate in the neighborhood of the metal but is pulled away by an electric field, this m no way aftects 
the emission of electrons from the metal, i.e., the same number per unit time are emitted. The saturated plate current t, 

is Droportional to this number. Hence 

• r. ^ (6) 

t <x ^ 


fin 


The value of P is given by Eq, (5) w^hich value when substituted in (6) gives 


i. oc TH 


(T) 


Relation (7) is essentially equivalent to Richardson’s equation (1). It is only necessary to introduce p p 

tionality constant A and to set L, = N.w. and R ^ where JV, is ^ eTS nor the proportionality con- 

Thermodynamics alone can determine neither the integration constant Po q* I ) 

stant A in Eq. (1). Their evaluations require a use of statistical mechanics an me ic eor . 

Temperature of Filomeut. It h nece.»a^ to determme the emitter 

(tungsten filament) in order to verity Richardson s equation. . “ j its entire 

different methods are available, because the temperature of the filament is not uniform tnroug 

'“"‘t optical pyrometer or a radiation pyrometer may be 

perature. Both of these instruments operate on the basis of radiation principles. 
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matches a band of radiation from the hot body against a similar band from a calibrated lamp filament. 
The second instrument measures the total radiation from the hot bodv and hence ” deduces ’ the temperature. 
Both of these instruments are difficult to use in this experiment because of the small size of the filament 
viewing hole’’ in the anode of the FP400 tube. 

Another method which is frequently used in determining the temperature of a pure tungsten filament 
is the resistance method. The ratio of the '‘hot” to the “cold” resistance of the filament may be correlated 
with the “hot” temperature of the filament. This method gives an average temperature of the hot filament 
which may be much lower than its maximum temperature. Because of the exponential form of Richardson s 
equation, however, it is better to use the maximum temperature of the filament (at its mid-point) rather 
than its average temperature. 

A third method — the one used in this experiment — determines the mid-point temperature of the filament 
by utilizing a relation between this temperature, the filament current, and the diameter of the heated 
filament. 

Consider a small mid-point section Bl of the filament as shown in Fig. 47-1. Let its absolute temperature 
be Ty its diameter be d, and its resistance be 8R (ohms). In the steady state we may assume that the total 


Filament 




1 

• 

'f — ^ 

T 
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Fig. 47-1. 


electrical energy per unit time fed into this section is converted into heat and then radiated out through the 
exterior surface of the section. The electrical energy input per unit time is ir 57? X 10' ergs/sec, while the 
total energy radiated per unit time is, by the Stefan-Boltzmann law, e{T)<xT^Trd 81 ergs /sec, where e{T) is 
the total emissivity of the tungsten at temperature T and a is the Stefan-Boltzmann constant. Hence 


Z/2 dR X 10^ = e{T)(rT^ird 81. 
Ul 


( 8 ) 


In this equation 8R may be replaced by p{T) where p(T) is the resistivity of tungsten at temperature T. 
Making this substitution for 8R in Eq. (8) and rearranging terms, we get 


V 


TT 




4 X 10’ p(r) 


(9) 


The right side of Eq. (9) is a function of T alone and, in the case of tungsten, a known function. Hence 
it is possible to correlate T with the value of f//d- over a wide range of temperatures by means of a table 
of values. 


Errors: The important errors in this experiment mostly arise from the diflBculty of determining the 

effective temperature of the filament. As has been pointed out before, the filament temperature is not 

uniform. The filament is much cooler at the ends than in the middle. It is better to use the mid-point 

temperature rather than the average temperature in this experiment. The reason for this has already been 
given. 

One may estimate the effect of temperature errors on the value of the work function ic« in the following 
manner. Equation (1) involves two unknowns, A and Wo. If these are to be determined, then at least two 
sets of values of i, and T must be measured. Let these be i,u Ti and t,.. To, and let Eq. (1) be written for 
each of these sets. By eliminating A between these two equations, we get 
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Solving Eq. (10) for we get 



The approximate determinate-error equation corresponding to Eq. (11) is 

^Wg _ ATi AT 2 A{T2 - Tx) 

Wg T1T2 T2~ Tx 



since these are generally 


In arriving at this equation we have omitted terms involving the natural logarithn 
negligible. Why? 

Equation (12) clearly indicates the effect of temperature errors on the value of leo. If the temperature 
errors are determinate, then the first two terms of the right member of Eq. (12) become important; but if the 
errors are indeterminate, then the third term becomes predominant. The fact that errors in do not appear 
in Eq. (12) simply indicates that these errors do not contribute much to the error in Wg. Hence it is much 
more important to measure T accurately than to measure i, accurately. 


Method: The circuit is shown in Fig. 47-2. A heavy-duty 6-volt storage battery supplies the filament 
current i/; this current should never exceed 2M amp. A low-resistance rheostat Rhx and a high-resistance 



Fig. 47-2. 

rheostat Rh 2 y connected as shown, control the filament current. The rheostat Rhi gives coarse adjustment 
of the filament current, and the rheostat Rh 2 gives fine adjustment of this current. An ammeter -I gives 
the filament current. This ammeter must be one of good quality with an error of less than 1% if a reliable 

determination of the filament temperature is to be obtained. 

The plate voltage Cb is controlled by a 300-ohm potentiometer connected across a 1 10- volt d-c power line. 

Its value is given by voltmeter V. The plate current is is given by one of tw^o milliammetcrs connected into 

the plate circuit by a double-pole double-throw swith. 

Make the connections as shown in Fig. 47-2 (all switches open). Adjust rheostats Rhi and Rht for 

maximum resistance in the filament circuit. Adjust the potential divider Rh in the plate circuit for minimum 

plate voltage. Connect the high-range milliammeter into the plate circuit. Then close the switc es $f 

and Sy and note the readings of the meters. * *• 1 

Adjust the rheostats Wh (coarse), then Rh^ (fine) so that i, is 1.50 amp. Increase the plate potential 

until the plate current is saturated, i.e., no longer increases appreciably with increasing plate poten la . 

Record the values of the saturaied plate current and plate voltage for the filament current of 1.50 amp. 

the low-range milliammeter if t‘, < 1 ma. Keeping the filament current at 1 .oO amp, me^remen 

of the diameter of the heated filament with the traveling microscope. Estimate to 0.0001 cm if possi . 
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Repeat the foregoing procedures for filament currents of 1.70, 1.90, and 2.10 amp. Under no circumstances 
allow the filament current to exceed 2.25 amp since, even though the filament may not burn out, its properties 
are likely to change. 

Computations: Compute the absolute temperature T of the mid-point of the filament for each of the 
four filament currents by use of Table R, Appendix III. Use the average filament diameter for each value 
of the filament current in making the computations. Interpolate in Table R to get the temperature to the 
nearest 10°K. Calculate the error in each of these temperature values due to the estimated errors in if and d. 
Also calculate the errors in the values of 1/ T. 

If Richardson’s equation is valid, the graph of logio (T“/i^ plotted against \/T should give a straight 
line whose slope is Wo/^.^Ok, Verify this statement by use of Eq. (1). Make such a graph using your values 
of is and T, Indicate the error intervals in \/T on this graph by drawing a small horizontal line segment of 
length 2 A(l/r) through each plotted point. Draw the best possible straight line for these plotted points. 
This line should cut all of the small line segments representing the error intervals in \/T, Determine the 
slope of this line and hence compute the work function Wo of tungsten in ergs and in electron volts. The 
value of k is given in Table L, Appendix III. Compare your value of tOo with that given in Table N, Appen- 
dix, III, for tungsten. 

Determine the error in Wo by use of Eq. (12). Use your lowest and highest filament temperatures for 
this calculation. 

Record: List apparatus and apparatus numbers. Tabulate i/, rf, if/d', T, AT, l/T, A(l/r), and 
logio (T^/is). Give your value of Wo, its error AWo, and the accepted value of iVo, 


Experiment 48. 


Thermionic Emission: Child- Langmuir Relation 


Object: To obtain the relation between the plate current and plate voltage in a diode when the plate 
current is limited by space charge. To verify the Child-Langmuir relation. To estimate the value of e/m 
for electrons. 

Apparatus: ^lounted FP400 tube, filament d-c ammeter (0 to 2.5 amp), filament d-c voltmeter (0 to 
0 volts), two-range d-c plate voltmeter (0 to 30 volts and 0 to 150 volts), plate milliammeter (0 to 5 ma), 
plate milliammeter (0 to 25 ma), rheostats, 6-volt heavy-duty battery, double-pole double-throw switch, 
two single-pole switches. For a description of the FP400 tube, see Experiment 47 and Appendix II, Note P. 

Theory: When the filament of a diode tube is heated, it emits electrons which may be drawn over to the 
plate by a suitable potential difference between filament and plate. The flow of electrons from filament to 
plate constitutes an electric current (the plate current). In general this plate current % is a function of the 
plate potential et and of the filament temperature T. If the filament temperature is held constant, then ih 
is a function of Ci. The form of this function may be determined experimentally; its complete theoretical 

derivation is one of great complexity. 

The general form of the relation between % and for constant T is illustrated in Fig. 48-1. The fila- 
ment potential is assumed to be zero. For purposes of explanation the curve may be broken into three 

sections — AB^ BC\ and CD. 



The first section ABol the curve indicates a fiow of electrons from fllanaent to plate even when the pWe 
potential is zero or slightly negative. This arises because some electrons 

Letie energy to carry them to the plate even against a small f and 

The second section BC of the curve .s explained m terms of the space char^ bet 

plate. This region is occupied by a cloud of electrons (negative space charge) 
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space charge is very dense in the immediate neighborhood of the filament and eflPectively sets up a small 
potential barrier there which forces some of the electrons to return to the filament. In a sense this space 
charge potential barrier near the filament acts like an increment in the work function of the filament that 
reduces emission. See Richardson’s equation in Experiment 47. 

It is possible to show for this section of the curve that the plate current ib is proportional to the three- 
halves power of the plate potential i.e., ib ^ This is known as the Child -Langmuir relation. 

The third section CD of the curve indicates saturation. The plate current in this section is practically 
independent of the plate voltage and depends only upon the filament temperature. The barrier due to 
space charge has disappeared and hence all electrons emitted by the filament are drawn to the plate. This 
section of the curve gives a constant value of the plate current, the value given by Richardson's equation. 

In this experiment we are primarily interested in the section BV of the curve where space charge plays 
an important role. 


Child-Langmuir Relation; Cylindrical Plate with Axial Filament 


It may be shown for the case of a cylindrical plate with an axial filament that the Child-Langmuir 
relation takes the form 



2 ^ / m I 



( 1 ) 


3 X 10® 6)^2 

where ib = plate current in amperes, 

Cb = plate potential in volts, 

I = effective length of filament in centimeters, 
h = radius of plate in centimeters, 
e — charge of electron in coulombs (absolute value), 
m = mass of electron in grams, and 

0^ = function of ratio of plate radius to filament radius which function approaches unity for large 
values of the ratio. 

Equation (1) shows not only that u ^ ‘ but also that the proportionality constant involves the value of 

e/m for electrons. Hence it is possible to estimate the value of e/m by determining this proportionality 
constant. 

The complete derivation of Eq. (1) as given by Langmuir is quite complex. 

A fairly simple but incomplete solution is given in the following section in 
which the esu system of units is used exclusively. 

Consider the uniform emission of electrons from a line filament at zero potential V=6k 

lying along the axis of a cylindrical plate of radius b held at a positive potential et. A 
cross section of this setup is shown in Fig. 48-2. The electric field between F and P 
draws the emitted electrons to the plate thus producing the plate current. If end 
effects are neglected, and if it is assumed that the electrons are uniformly emitted at 
the filament with negligible initial velocities, then it is clear that the properties of the 
electric field and the motion of the electrons at any point M between F and P depend 

upon the single variable r, the radial distance from F to M. It is assumed of course that a steady state exists. 

In order to arrive at an expression for the plate current under these conditions, consider the flow of electrons through 

any cylindrical surface having F as an axis, the cylinder through the point 3/. At all points on this cylindrical 

surface electrons have the same radial velocity v, and the electron density n is the same. Hence the total ourr^n/ / 
through a length I of this cylinder is 



i = ne.v^Trrl, 


( 2 ) 


where e, is the absolute value of the electronic charge in statcoulombs. In the steady state this current t must be the 

plate current and must be independent of the value of r. Unfortunately this expression for the plate current involves 

both the electron density n and the electron velocity v, neither of which is known. It is thus necessary to obtain two 
additional relations involving n and v. 

The energy equation gives one of these relations. Let V be the potential of the field at any point on the cylindrical 
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: ‘ > ra is assumed to bo zero. This must be true for all other electrons arriving at the surface 
1' I i r Wtween Eqs. and (J?). we get 


i = nes'ijrr — V. 
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required to eliminate u from Eq. (4). This may be obtained in the following way. Con- 
trie held F at the point 3/ on the cylinder. By the theorem of Gauss it is just 2Q/lr where 
. 7 ^ f d in lencth / of the cvlinder of radius r. Hence 


€ V i ? ^ 


lEr = iQ. 
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I t of radius r + dr described about the filament. Let the field at the surface 

le t**tal charee enclosed in length / of it be Q + dQ. Then, as in the first case, the 
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hE + dE)(r + dr) = ^(Q + dQ). 

!. K-.. 'i and neglect protiucts of differentials, we get 
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two cylindrical surfaces of length /. Hence it is equal to —ne^^irrl dr. Thus 


d{Er) 
dr 


= — 4;rr«e,. 


( 8 ) 


. -c al form of a eeneral differential equation known as Poisson’s equation, an equation of fundamental 

, j , 1 d{Er) 

... M t tiTOry. By use of this equation the factor inme, in Eq. (4) may be replaced by — - 
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differential equation, may be solved in the following manner. Assume that V may be 
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f r and j — in Eq. (9) and simplify, we get 

dr 
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of r in Eq. (12) must be zero. Therefore m = l Also the constant c in 
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In the foregoing analysis it was assumed for purposes of simplicity that the radius of the filament is zero. The 
problem becomes much more difficult for a filament of finite radius a < h. The solution of this problem has been given 
by Langmuir and leads to Eq. (1) instead of Eq. (13a). The chief difference between the two solutions is the presence 
of an additional function in Eq. (1). In general is a function of r/a and approaches unity as r/a gets large, ^.^7., 

= 1.08 for r/a = 100. This means that Eq. (13a) gives satisfactory results (within a few per cent) for r = 6 a. 

On the other hand the simple theory as given cannot be used to determine F, E, and n in the immediate neighbor- 
hood of a filament of finite diameter for, in this case, r/a is no longer large compared to unity and the function 0^ must 
be taken into account. In fact it is just the presence of 0^ in the general solution that prevents E and n from going to 
infinity at the filament as they obviously do in the simple theory. Also the corrected potential function V (r) may be 
shown to exhibit a minimum value very close to the filament surface. 

This is essential if one is to explain why the plate current is ever less than the saturation current. This potential 
minimum V m acts as a potential barrier to electrons emitted by the filament and allows only those with thermal energy 
greater than eV m to surmount this barrier. The others are returned to the filament. For this reason it is really neces- 
sary in the general theory to assume not only that the electrons have initial velocities at the filament surface but also 
that there is a distribution of these velocities. 

The values of F,7» (min potential) and (its position) depend upon the filament temperature and the plate potential. 
For a constant filament temperature and an increasing plate potential, tends toward the value a and Vm tends toward 
zero. At the onset of saturation V m vanishes and rm = a. At this point both the potential and the field at the filament 

surface vanish, the barrier is reduced to zero, and any further increase in the plate potential produces no further appreci- 
able increase in the plate current. 


Method: The circuit for this experiment is very similar to that of Experiment 47 and is shown 
in Fig. 48-3. A 6-volt storage battery (heavy duty) supplies the filament current i/; this current should 



Fig. 48-3. 


never exceed 2.25 amp. It is controlled by rheostats Rhi (coarse) and Rh 2 (fine) and its value is given by the 

filament ammeter Af. The potential drop across the filament is given by the filament voltmeter F/. 

The plate voltage Ch is controlled by the potential divider Rh. The uncorrected value of the plate 

voltage is given by the plate voltmeter V. This voltmeter should be of good quality and should have two 

ranges, 0 to 30 volts and 0 to 150 volts. The plate current is given by either one of two milliammeters which 

may be connected into the plate circuit by use of a double-pole double-throw switch. These milliammeters 
should be of good quality. 

Connect the circuit as shown in Fig. 48-3 with maximum resistance in the filament circuit and with the 
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pot.MUial divider set for minimum plate voltage. Use the high range on the voltmeter and the high-ranee 

mi lamnieter for an initial check on the circuit. If the circuit appears to be operating satisfactorily proceed 
with the experiment. 

Take data for three n, vs. Cb curves corresponding to three fixed values of the filament voltage— 3.20, 3.50 
and 3.70 ^-olts. Record the filament current for each of the three values of the filament voltage. In each 
case start with cj = 6 volts, increase it by 3.0-volt steps to 30 volts (low-range voltmeter), then by 5-volt 
steps to 50 volts (high-range voltmeter), and finally by 10-volt steps to 80 volts. Record the plate currents 
H corresponding to these plate voltages. Use the low-range milliammeter for % < 5 ma and then switch 
to the high-range milliammeter. Take special pains in reading the plate current (low-range milliammeter) 
flt Cb — 15 volts. This value will be used in computing a value of e/m. 

Correct each plate voltage reading for filament potential drop by subtracting one-half the filament 
voltave. IMiv? 

Plot the three h vs. Cb (corrected) curves on the same graph using 4 as the ordinate. 

In order to check the validity of the Child-Langmuir relation, compute [eh (corrected) and plot these 
values against the corresponding values of 4 for the filament voltage of 3.70 volts. Estimate the indetermi- 
nate errors in each A alue and in each Ch value. Compute the indeterminate error m each value of [ch 
(corrected)]^^^ In order to indicate these errors on the graph, draw through each point a short vertical line 
of length 2 Mb and a short horizontal line of length 2 A[eb (corrected) Note that the points on the graph 
corresponding to unsaturated currents lie on a straight line within reasonable error limits. Draw this 

straight line and determine its slope. Compare with the accepted value of 14.6 X 10”® ^ ( vohW^ * ^ 

be taken as 1.00 in. and b as 0,310 in. for the FP400 tube. 

Determination of ejm. Equation (1) may be used to determine the value of ejm for electrons but it is 
difficult to get an accurate value by this method. Small errors in the values of it, and I lead to a large 
error in the value of e/m, e.g.^ a 1% error in each of the former quantities leads to 9% error in the latter 
quantity. Perhaps the most doubtful of the quantities which must be known in order to calculate ejm is 
/, the effective length of the filament. In this experiment the value of I may be taken as 1 in., a value sug- 
gested by the manufacturer of the FP400 tube. 

In order to reduce the effect of errors in this part of the experiment, it is advisable to make additional 
small corrections in the plate voltage. These corrections are listed in the following paragraph. 


Tloie Potential Carreetions. 

1. Contact potential, A small contact potential exists between tungsten and zirconium which the volt- 
meter does not indicate. This amounts to 0.4 volt^ the difference between the work functions of the two 
metals, and should be added to the plate voltage. 

2. Filament potential drop. This correction has already been described. 

3. Initial velocity of electrons. Electrons are not emitted by the filament with zero initial velocity. 
They have thermal energy, the average energy per electron being %hT, This is equivalent to an additional 
potential difference across the tube of ^kTfe, For a temperature of 2000^X (approximate filament tempera- 
ture) this is equivalent to about 0.3 volt which should be added to the plate voltage. 

4. Potential drop across milliammeter. This correction is simply ihR where R is the resistance of the 
milliammeter. If it amounts to 0.1 volt or more, it should be subtracted from the observed plate potential. 

Calculate the value of ejm by use of Eq. (1). Use the value of ih at the observed plate potential of 15 
volts (uncorrected) with the filament voltage of 3.70. Correct the observed plate potential for items 1, 2, 3, 
and 4. Use this corrected plate potential in the calculation. I may be taken as 1 in., b as 0.310 in., and 
as 1.07. Compare your value of ejm with the value given in Table L, Appendix III. Calculate the error 

in ejm due to your estimated errors in ib and et* 

Record: List tie apparatus and apparatus numbers. Tabulate eb, ib, eb (corrected), [eb (coirected)]^ * for 
each of the three filament voltages. Include the estimated and calculated errors in these tables. 

List the other data and results (for e/m calculation) pertinent to this experiment. 


/ 


Experiment U9, 


Measurement of e/ m: Magnetron Method 



Objects To determine the vslue of c/w for electrons by the magnetron method. 

Apparatus: Mounted FP400 tube, d-c ammeter (0 to 5 amp), filament d-c voltmeter (0 to 5 volts), 
plate d-c milhammeter (0 to 25 ma), plate d-c voltmeter (0 to 150 volts), heavy-duty 6-volt storage battery, 
five rheostats (one 5-ohm, one 300-ohm, one 50-ohm, two 100-ohm), lamp bank (one 200-watt bulb, one 100- 
watt bulb, one 50-watt bulb), solenoid, switches, search coil, ballistic galvanometer, magnetic-flux standard. 

-T-u- fi fj • ^ experiment is used as a magnetron by placing it in a suitable magnetic field. 

IS e d IS produced by a solenoid with a hollow core large enough to accommodate the FP400 tube in a 

ongitudmal position. The tube is placed at the center of the solenoid with its filament in alignment with 
the magnetic field of the solenoid. 

The solenoid should be capable of producing a maximum magnetic field of about 150 gauss with a mag- 
netizing current of about 3 amp. Such a solenoid can be made by winding No. 20 insulated (cotton or 

formvar) copper wire on a stiff cardboard mailing tube about 2^ in. in diameter and 12 in. in length. Several 
layers of windings are necessary. 


« £% 1 J 1 I . lying along the axis of a cylindrical plate is placed in a 

magnetic field so that the filament is parallel to the field, it is found that the plate current of the diode is a 

A f magnetic field as weU as of the plate potential and filament temperature. 

As the field is increased from zero, the plate current remains practically constant until a critical point is 
reached beyond which the plate current rapidly diminishes to zero. 

The reason for this action is as follows. The electrons emitted by the filament are acted upon by crossed 
electric and magnetic fields which cause the electrons to move in curved paths closely approximating circular 
orbits. These orbits startmg at the filament lie in planes perpendicular to the direction of the magnetic 
e d, and intersect the plate for small magnetic field strengths. Thus all electrons leaving the fiilament 
reach the plate under these conditions. As the strength of the magnetic field is increased, however the 
radius of curvature of the electron orbits decreases until the orbits just barely reach the plate, i.e., are tangent 
to It. Any further mcrease in the magnetic field produces orbits that fail to reach the plate. In this latter 
case, electrons leaving the filament fail to reach the plate and return to the filament. This of course 
reduces Ae plate current to zero. Figure 49-la shows the crossed electric and magnetic fields i^ the diode! 
higure 49-lb illustrates the change m a typical electron orbit as the magnetic field is mcreased. Figure 
49-lc shows the corresponding change in the plate current of the tube. 

In actual practice it is found that the plate current does not drop off to zero as sharply as Fig. 49-lc 
indicates. This is probably due in part to a lack of alignment between filament and field and between fila- 
ment and p ate, and in part to the drop in potential along the filament and to the nonuniformity of the 
magnetic field. 

The critical value of the magnetic field E, for which the plate current drops to zero may be derived in 
the following manner. An electron leaving the filament with zero kinetic energy acquires kinetic energy 

because of the electric field between filament and plate. Because of the configuration of this field, almost 
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the entire potential difference between filament and plate occurs very close to the filament. Hence the 
electron acquires practically its entire kinetic energy before it has moved very far from the filament. Its 
kinetic energy A/ar- is given by the equation 


= eVb (emu), 

where I t is the plate potential (filament potential assumed to be zero), 
the electron and hence cannot contribute to its kinetic energy. 


( 1 ) 

The magnetic field does no work on 



H out 



H out 0 



H>Hc 
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He 
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(a) 


(b) 


(C) 


Fia. 49-1. 


The magnetic field, however, does exert a centripetal force on the electron causing it to move in a circular 
orbit (we neglect the effect of the electric field except near the filament). This orbit has a radius of curvature 
R given by the well-known equation 


V 


Hev — 


(emu) , 


( 2 ) 


pro^^ded the field H is perpendicular to v, as it is in this case. If this electron just fails to reach the plate, 
then it is clear that /i = 6/2 where 6 is the radius of the plate. The electron orbit is a circle similar to 

that shown in Fig. 49-lb for H = He- Hence 


Hr.ev = m 


V 


6/2 


(3) 


If V is eliminated between Eqs. (1) and (3) and the resulting equation is solved for e/m, we get 


e 

m 


8Vb 


(emu) . 


(4) 


If the plate potential is expressed in volts then Fj must be replaced by et X 10*. 

Equation (4) has been derived by assuming that the electric field and the magnetic field act consecutively 

instead of simultaneously upon an electron coming from the filament. This, of course, is not the case uj 

more detailed analysis in which this assumption is not made leads to practically the same result. 1 he e 

equation is 

(emu), 


e 

m 


(5) 


(62 - a 2)2 


where e/m = ratio of charge to mass of electron in abcoulombs per gram, 

Vb = plate potential in ab volts (fil pot = 0), 

He = cutoff magnetic field in gauss, 

6 = radius of plate in centimeters, and 

a = radiue of filament in centimeter. ^ , 

A summary of the more exact derivation of Eqs. (4) and (5; is g 

Coneider a. electron emitted by the lilam»t with n.^gibl. 
field which mrcelerato it toward the plate. In this proce.e the electron nm.e. through the p 
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field /f, which deflects it from its radial path without y however, changing its speed. Let r and B be the polar coordinates 
o t e e ectron at any point M between filament and plate as shown in Fig. 49-2. Its velocity v at this point does not 

lie along r because of the effect of the magnetic field. The radial and tangential components of v are ^ ^nd 

tB f 


dt 


). Hence the kinetic energy of the electron at point M is + rW^). 

If V is the potential of the electric field at point M and if the filament po- 
tential is taken as zero, then 


• 2 m(r 2 -(- r‘^B’^) = eV (energy equation). 


( 6 ) 


since the magnetic field does no work on the electron, and since the initial kinetic 
energy of the electron is taken as zero. 

The torque about the filament axis exerted by the magnetic field on the 

moving electron at point M is just Herr. This torque must equal the time rate 

d 

of change of angular momentum ^ {mr'^B). Hence 


a , 

^ [mr^B) = Herr (torque equation). 


(7) 



Integration of Eq. (7) gives 

mr’^B = ^He{r^ — 

where a is the radius of the filament. 

Equations (6) and (8) are the parametric differential equations of the electron orhit. 
the orbit is a cardioid closely approximating a circular arc. 

If ^ is eliminated between Eqs. (6) and (8), we get 


( 8 ) 

Their solution shows that 


For r = h Eq. (9) becomes 




Consider the value of h (radial velocity of electron at the plate) as H is increased from zero to a large positive value 

in Eq. (10). Since e/m., b, a, and Vt are fixed, as H increases from zero the right side of Eq. (10) starting at a fixed 

positive value decreases steadily toward zero. In this interval is positive and hence h is real. This means that the 

electron orbit intersects the plate and hence a plate current exists. When H reaches a certain critical value H. for 

which the right side becomes zero, then h = 0. At this point the electron orbit is just tangent t the plate. For 

values of H > H. the right side becomes negative and h becomes imaginary. This means that the electron orbit does 
not reach the plate, hence the plate current is zero. 

At the cutoff value of the plate current H = H. and h = 0. Hence Eq. (10) reduces to 



If this equation is solved for Eq. (5) is obtained. It is noteworthy that Eq. (11), and hence (5), is independent of 

space charge effects and is valid for both saturated and unsaturated plate currents. 

In deducing Eq. (11) we have assumed a constant potential difference between filament and plate and a uniform 
magnetic field H throughout the tube. The first assumption is surely not valid because of the filament potential drop 
(about 4 volts). The second assumption, too, is generally not valid in experimental work. For these reasons, among 
others, we find that the cutoff of the plate current in the magnetron is not sharp but extends over a considerable H 
int^val. As a result it is difficult to assign a precise experimental value to H.. Generally, the effect of a variation 
in H IS more important than in V. \Miy? If Eq. (11) refers to conditions at the very center of the filament where H 

IS a maximum, and if further, the right side of Eq. (10) is positive for all other sections of the filament then H should 
be chosen at the very beginning of the break in the plate current. 

The magnetron has several different uses. It may be used to control a current by means of a magnetic 
field or to measure the intensity of a uniform magnetic field. It may be used as a very-high-frequency 
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;:o; ior.it or producing radio wave.< of only a few centimeters in length; the circling electrons in the tube act 

>> harmonic oscillators. Finally, it may be used to determine the value of e/m for electrons as is done in 

*Vii> experiment. 

In »Tder to determine c m by means of Eq. (5), it is necessary to know the plate potential, the diameters 
of tilameiit and plate, and the critical magnetic field strength He. This last quantity is determined by 
nieasnrinc the plate current of the diode (constant plate voltage et and filament temperature T) for a set 
Ht increasing or decreasing values of the magnetic field strength H. The value of H at the cutoff of % is He. 

Some means must be used to determine the field H produced at the center of the solenoid by a given 
magnetizing current 1. This field may be calculated approximately by means of the equation 




( 12 ) 


where H = strength of field at center of solenoid in gauss, 

.V = total number of turns, 

L = length of solenoid in centimeters, 

I = magnetizing current in amperes, and 
D = average diameter of solenoid in centimeters. 

It is assumed that there is no magnetic material in the neighborhood of the solenoid. 

Perhaps a safer procedure is to measure the field strength at the center of the solenoid by use of a small 
test coil, magnetic-flux standard, and ballistic galvanometer. The method is essentially equivalent to that 
used in Experiment 41. 

Errors: The chief error in this experiment is that in the value of He due to the lack of a sharp cutoff 
value for the plate current. This error is generally much larger than the combined errors of all of the other 
values involved in Eq. (5). 

Under the conditions of this experiment, it seems to be best to take as He the value of H at the very 
beginning of the break in the plate current. 

Method: The circuit for this experiment is shown in Fig. 49-3. The circuit for the FP400 diode (Fig. 
49*3aj is essentially that used in Experiment 48, Figure 49-3b gives the circuit for the solenoid. The chief 
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problem here is to arrange the circuit so that a fine adjustment of of aCt 

10 ohms. Coarse adjustment of current is made by use of the Ump bauk, fine adjustmeut by 
100-ohm variable rheostat. 
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Place the solenoid over the FP400 diode so that the center of the tube is at the center of the solenoid. 
Adjust the alignment as carefully as possible. Operate the tube at a constant filament voltage of 3,70 volts. 
Keep all iron away from the solenoid. Set the plate potential at 80 volts. Note the milliammeter reading 
for zero current in the solenoid. Increase the current I in the solenoid in approximately half-ampere steps 
by use of the lamp bank and note the value of this current when the plate current of the FP400 decreases 
sharply. Take a set of values of % (plate current) and I (solenoid current) in the neighborhood of this cutoff. 
Start with a value of I well below the cutoff value (^ amp below) and increase it in steps of 0,1 amp until 
the plate current just begins to decrease; then in steps of 0.05 amp until the plate current has dropped to 
about 20% of its initial value; then in steps of 0.1 amp until 4 is zero. 

Repeat the above process using reversed magnetic fields. 

Repeat the foregoing procedures for plate voltages of 60 volts and 40 volts keeping the filament voltage 
at 3.70 volts. 

Replace the FP400 tube with a test coil and measure the field strength produced by the solenoid with a 

magnetizing current of 1.00 amp. Since H = KI for the solenoid, this measurement determines K and hence 
H for all other values of 7. 

Computations: Plot 4 vs I for all three sets of data. Indicate on each graph the critical value of I. 

Estimate the error m each of the three critical values of I. Compute the corresponding values of He and AHc. 

Correct the observed plate voltages for filament potential drop. Calculate the value of e Im for electrons 

and the corresponding error in this value for each of the three sets of data. Average these values and com- 
pare with the accepted value of e/m. 


Record: List apparatus and apparatus numbers. Tabulate et, it, and I for each of the three sets of 

data. Record filament voltage, solenoid constant K, and constants a and b. Give the computed values of 
e/m and their errors. 
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Object: To generate stationary transverse waves in a wire. To determine the frequency of vibration 
f this wire in terms of the tension and mass per unit length of the wire and the wave length. 


Apparatus: Music wire (0.016 gauge), clamps, pulley, weight holder and weights, analytical balance, 

100-cni specimen of the wire, driving electromagnet, and meter stick. See Appendix II, Note M on the 
analvtica! balance. 


Theory: The velocity r in centimeters per second with which 
flexible wire is given by the equation 



a transverse wave pulse travels along a 



where F is the tension in the wire in dynes and m is its mass per unit length in grams per centimeter. 

A train of running waves may be generated in the wire by driving some small portion of it back and 
forth at right angles to the direction of the wire. This may be accomplished in the case of an iron or steel 
wire by driving it with a small electromagnet placed close to the wire and energized with a 60-cps alternating 
current. The wire in the neighborhood of the iron core of the electromagnet is magnetized by induction and 
pulled toward the iron core 1^0 times per second. In this manner a train of waves of frequency 120 per sec- 
ond will he sent along the wdre with a velocity given by Eq. (1). The wave length X in centimeters of this 
wave train will be given by the well-known equation, 

V = nX, (^) 

where n is the frequency of the wave train. 

We may eliminate r between Eqs. (1) and (2) and solve for n, thus getting 





This equation enables us to determine n in terms of F, m, and X. 

\Miile it is an easy matter to measure F and m, it is generally not feasible to measure X in a running wave 

train. Under appropriate conditions, however, it is possible to set up so-called stationary or standing waves 

in the wire w'hich enable us to make a precise determination of X. 

If the w ire is fixed at both ends (as it is in this experiment), then the waves generated at any point along 

the wire w ill run along the wire to the fixed ends where they will be reflected back along the wire. The actua 
configuration of the wire at any instant is a combination of incident and reflected wave trams and may be 
vers- complex. However, under the proper conditions, the incident and reflected waves may combine m such 
a wav as to produce stationary or standing waves. This occurs when the distance between the fixed of the 

wire 'is just an integral muUiple of a half wave length of the running waves. The waves then ht mto the 

length of the wire, so to speak, strongly reenforcing each other at ^ 

antim.rles, and completely annuUing each other at intermediate points called nodes. Under these condit 
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the wire vibrates in segments as shown in Fig. 60-1. In this figure the wire is shown vibrating in three 

segments. The fixed ends of the wire must of necessity be nodes (positions of zero displacement). Nodes 

and loops alternate in position. It may be shown that the distance between two successive nodes (or two 

successive loops) is just equal to a half wave length. Hence, when these stationary waves are produced, it 

is an easy matter to pick out the nodal positions and thus measure the wave length of the generated wave 
train. 



N L N L N L N 


Fig. 60-1. 

Method: Set up the apparatus as shown in Fig. 60-2, Connect the electromagnet to the 6-volt source 
of 60-cycle current. Place it near one end of the wire as shown, with its soft iron core a few millimeters 
away from the wire. Without adding any weights to the weight holder, pull down on the weight holder 
with your hand, gradually increasing the tension in the wire. If this is done carefully, and if the apparatus 
is working properly, the wire will suddenly vibrate strongly (usually in five segments) for a certain tension. 



Fig. 60-2. 

If the tension is increased further, the vibration will cease until the tension reaches a second critical value 

at which vibrations will again occur, with the wire now vibrating in four instead of five segments. Keep 

increasing the tension until the wire vibrates in three segments and then finally in two segments. It is 

not advisable to attempt to make the wire vibrate in a single segment because of the very large tension 
required. 

After you have succeeded in making the wire vibrate in five, four, three, and two segments by applying 

force on the weight holder with your hand, repeat the same performance by adding weights to the weight 

holder. Record the weights (weight holder included) which give the best set of stationary waves for the 

case of five, four, three, and two vibrating segments. In each case estimate the amount by which the weight 

may be changed without appreciably reducing the stationary wave pattern. This will represent the inde- 
terminate error in the tension in the wire. 

Carefully measure the length of the wire between the clamp and the pulley to the nearest millimeter. 

Weigh the 100-cm sample of the wire on the analytical balance to the nearest milligram and determine the 
mass per unit length of this sample. 

From these data compute for the case of each stationary wave pattern (1) the wave length, (2) the 

velocity of the wave train, (3) the frequency of the wave train. Also compute the indeterminate errors in 

these quantities using the estimated errors in the measured quantities. The frequency of the wave train in 

each case should he 120 vibrations per second. The error in the frequency determination should be less 
than 2% in this experiment. 
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Record: ^Sample, t 

App. No.__ 

Mass of 100-cm sjimple = 1.015 ± 0.001 gm 
IxMigth of wire = 156.9 + 0.1 cm 
Standard frequency = HO.O vib sec 
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An — ±1 vib /sec 


100 An 
n 



= 0.99% 


Per cent difference between standard frequency and average measured frequency ~ 
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QUESTIONS 


1. Show that Eq. (1) is dimensionally correct. 

2. Develop the error equation corresponding to Eq. (3). 

3. If the diameter of the steel wire used in this experiment were 1% larger than the diameter of the 
100-cm sample whose mass was determined, what constant percentage error would be introduced into the 

value of n ? 

4. Show by diagram, or otherwise, that the distance between two successive nodes in a stationary wave 
is just a half wave length of the running wave. 



Experiment 61 . 


Velocity of Sound. 


Resonance Tube 



Object: To generate stationary sound waves in air. To determine the velocity of sound in air at room 
temperature from measurements of wave length for a given frequency. To compute the velocity of sound 
at 0°C. 


Apparatus: Resonance-tube apparatus, tuning fork, rubber hammer, thermometer, meter stick. 


Theory: The velocity of a compressional wave pulse in any medium is given by the equation 

' - -y/f’ (1) 

where v = velocity of the compressional wave, 

E = volume modulus of elasticity of the medium, and 
p = density of the medium. 

Since this formula is seldom derived in general physical textbooks and since its development sheds 
considerable light on the mechanism of wave propagation, its derivation will be given below. 


P— i-P+dP p-^p^dp 
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Fig. 61 - 1 . 

Let us imagine a portion of the medium (homogeneous and isotropic), through which we wish to send 
a compressional wave pulse, confined in a long rigid tube of unit cross-sectional area. At one end of this 
tube is a piston which may be used to compress the medium. See Fig. 61-1. Suppose that the normal 
density of the medium is p and its normal pressure P. Imagine the medium in the tube divided into sections 
each of unit volume and labeled consecutively 1, 2, 3, etc. Each of these sections will be 1 cm long since it is 
assumed that the cross-sectional area of the tube is 1 cm*. 

Let the piston now be moved to the right by the application of a pressure slightly greater than P, viz., 
P + iP- This will start a compressional wave front down the tube. We imagine that the moving piston 
first compresses the medium in section 1 by an infinitesimal amount dV until its pressure rises from P to 
P -f dP . Thereafter section 1 moves with the piston and compresses section 2 by the amount dV, raising its 

pressure to P -f- dP. This process continues from section to section as the pressure wave front moves down 
the tube. 

At the end of 1 second this pressure front will have affected v sections of the medium where v is the 
velocity of the pressure front. All sections to the right of this front will be unaffected. All sections to the 
left of this front will be compressed and moving to the right with the velocity of the piston. Since each of 
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the^e compressed sections has had its volume reduced by an amount dV, the total amount of compression at 

the end of 1 sec will be v dV. This will also be the distance that the piston has moved in 1 sec since the 
tube is of unit cross section. 

e may now determine the value of v by applying the energy principle. The total work done by the 
piston in 1 sec must equal the increase in potential energy of the compressed sections of the medium, plus 
the kinetic energy of these sections. The work done by the piston in 1 sec is (P + dP)v dV. The corre- 
sponding increase in potential energy of the compressed sections is (P + {dP/2))v dV, i.e., the average pres- 
sure times the change m volume. The kinetic energy of the compressed sections at the end of the second 
is ^pv{v rfl )“. Hence 


(P + dP)v dV = {P + 


If we solve Eq. (2) for t?, we get 



dV “b — pv{v dV)^. 


( 2 ) 


V = 



( 3 ) 


dP . 


But since dV is the decrease in volume of a unit volume of the medium, ^ is just the volume modulus of 
elasticity of the medium, i.e., E. Hence 


dV 


V = 



( 4 ) 


X 


tuning fork 


gloss tube 

Oir 



water 



J ♦ 


This expression for v involves only the constants E and p of the medium. Therefore it is fairly evident that 
a compressional wave once started will travel through the medium at a rate which has nothing to do with the 

size or shape of the tube or with the subsequent motion of the piston after it has 
started the wave pulse. Furthermore Eq. (4) is applicable to any medium whether 
it be solid, liquid, or gaseous. 

In this experiment the sound waves are generated by a vibrating tuning fork 
instead of a piston, the medium is air at room temperature, and the tube is a glass 
tube closed at one end by a column of water. See Fig. 61-2. 

When the tuning fork is set into vibration, a train of waves consisting of al- 
ternate compressions and rarefactions in air is sent down the tube. This wave train 
is reflected at the water surface with a phase change of 180"^ and passes back up the 
tube. At the open end of the tube it is again reflected but with no phase change in 
this case. The resultant waves in the tube are a combination of incident and 
reflected wave trains and may be very complex just as in the case of transverse waves 
in a wire. But just as in the case of the wire, so in the case of an air column, it is 
possible to produce stationary waves under the proper conditions. The air column 
will then vibrate strongly in segments with a frequency equal to the frequency of the 
tuning fork. This occurs when the length of the air column is of such value that an 
odd multiple of quarter-waves “fits” the air column, since there must be a node at 
the lower end of the air column (at the surface of the water) and a loop or antinode 
near the open end of the tube. Under these conditions the air column resonates 
with the tuning fork and the intensity of sound from the system is considerably^ 
increased. This phenomenon of resonance enables us to determine when stationary 

waves are being produced in the air column. ^ rpi .i. 

The length of the air column may be varied by changing the level of the water in the tube. 1 us e 

positions of the water surface at which resonance occurs may be determined. , . i xi. * 4 . 

It has been pointed out that an antinode must exist near the top of the tube. Analysis shows that its 
position is slightly above the top of the tube (about 0.6 the radius of the tube). If the water level in the 
tube is lowered from the top of the tube, resonance will occur when the position of the water leve , 

with the position of the first node. This position is sharply defined and may be accura e y t e er 




Fig. 61-2. 
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anti node 


As the water lev^el is further lowered, a second resonance point may be found which corresponds to the second 
node. In some cases additional nodes may be found depending upon the relation between the wave length 
and the tube length. The inter-nodal distance is just a half wave length. See Fig. 61-3. It is not advisable 
to try to determine the wave length using only the first antinode 
and the first node, since this distance (X/4) cannot be accurately 
determined liecause of a lack of knowledge concerning the exact 
position of the fir^t antinode. However, the distance between the 
successive resonance points (successive nodes) may be accurately 
ficterrniried and represents the value of X/2. 

Once the wave length X has been determined by a measure- 
ment of the inter-nodal distance, we may determine the velocity 
of sf>und in air at room temperature by means of the equation 


node 



anti node 


V = nX, 


(5) 


node 


1 


2nd resonance 


where n is the frequency of the tuning fork. 

In order to compute the velocity of sound in air at 0®C it is 
necessary to make use of Eq. (4) in a modified form. If it is as- 
sumed that air obeys the general gas law and further that the com- 
pressifins and rarefactions occurring in air when a sound wave 
passes through it are adiabatic in character rather than iso- 
thermal, then E = yP where y (1.402 for air) is the ratio of the 
specific heat at constant pressure to that at constant v'olume and 
P is the pressure, "^riie relation E = yP may be derivefl from the 
formula PV'^ = constant for an a^liabatic change in the v'olume of a gas, by taking the logarithmic derivativ^e 
of this latter expression. We get 


J 


1st resonance 



X 

2 


Fig. 61-,3, 


dP dV - 

-p- + y — = 0 


or 


dP 

-V — = yP 
dV ^ 


dP 


Ibit by definition E — — V hence 

d I 

E = yP. 

Equation (4) for air may then be written in the form 



( 6 ) 


By the general gas law P/p = iIi/^)T. Hence Eq. (6) becomes, after substituting for P/f>y 


V = 



yit 


(7) 


where R is the universal gas constant, g is the molecular weight of air, and T is the absolute temperature. 

It is clear from Eq. (7) that the vxdocity of sound in any gas is directly proportional to the s(|uare root 
of the absolute temperature. Therefore the velocity of sound in air at any temperature may easily be com- 
puted if it is known at some one temperature, for example, room temperature, by means of the formula 


V2 


r, 


\ Ti 


(b) 


Method: Raise the water h v’el in the glass tube until it is near the top of the tube. Start the tuning 
fork \ ib rating by striking it gently with a soft rubber hammer. (Precaution: Never strike a tuning fork 
with a hard hammer. It may ruin the fork.) Slowly lower the water levxl while listening for resonance to 
occur. The amplification of the sound at n sonance is quite pronounced even though the fork itself is emit- 
ting a scarcely audible sound. Once you havx determined the approximate position of the first resonance 
point, make sev'eral trials by running the w'ater surface up anrl dowm. When the point of maximum intensity 
is located, mark its position with one of the spring brass rings on the tube. Then low'er the water surface 
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and, in a similar manner, locate and mark the next resonance point. Continue this process to the bottom 
of the Uibe. In each case make an estimate of the error involved in locating the resonance point. 

^ ith a meter stick held against the tube read and record the positions of the resonance points to the 

nearest millimeter. By subtraction determine the distance between successive resonance points, t.e., X/2 
Estimate the error in this value of X/2. 


Determine the velocity of sound in air at room temperature by means of Eq. (5) using the rated fre- 
quency of the fork and the measured value of X/2. Determine the error in this value of v, assuming that 
the error in the frequency of the fork is negligible. 

By use of Eq. (8) determine the velocity of sound at 0®C from your experimentally determined velocity 
of sound at room temperature. Also determine the error in this velocity. 

Compute the theoretical value of the velocity of sound in air at 0°C by use of Eq. (6) and compare 
this value with the experimental value at O^C. The two values should agree within the limits of the experi- 
mental error in the measured value. 

Repeat this experiment using a different set of equipment with a different tuning fork. 


Record: Tabulate your data and results. 


QUESTIONS 

1 . If it is assumed that the velocity v of a compressional wave in a medium depends only upon E and p 
for that medium and that this relationship has the form 

V = 

show by dimensional argument that x = i and y = — 

2. Does the velocity of sound in air vary with the barometric pressure? Explain. 

3. By use of Eq. (8) show that the velocity of sound in air in meters per second at a temperature of 
/°C is given approximately by the equation 

Vt = 332 + 0 . 61 ^ 

provided t is not large. 
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Object: To determine the velocity of sound in two different metal rods by use of a Kundt’s tube. To 
compute the value of Young’s modulus for these rods. 

Apparatus: Metal rods, Kundt’s tube, clamps, meter stick. 

Theory: Stationary longitudinal waves may be generated in a metal rod by clamping it at its mid-point 
and stroking it lengthwise with a cloth moistened with alcohol or sprinkled with rosin. A series of disturb- 
ances (compressions and rarefactions) pass along the rod and are reflected from the free ends of the rod. 
Incident and reflected waves combine to form stationary waves. The rod will then vibrate strongly, emit- 
ting a shrill note. The fundamental mode of vibration of the rod will correspond to a stationary wave train 
in the rod which has an antinode at each of the free ends of the rod and a node at the clamped point, i.e., 
the mid-point. See Fig. 62 - 1 . In this case the length of the rod is just equal to a half wave length of the 
wave train, i.e, the distance between two successive antinodes. 
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Fig. 62-1. 
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Fig. 62-2. 


In order to make an experimental determination of the velocity of sound in this thin metal rod, a light 
metal-felt piston A is attached to one end and inserted into a glass tube as shown in Fig. 62 - 2 . At the other 
end of the tube is a fixed plug B. Along the bottom of the tube is sprinkled some light powder such as cork 
dust or lycopodium powder. 

The metal rod is set into vibration in the manner suggested above. The glass tube is adjusted in posi- 
tion until the air column AB is of such length as to resonate with the note emitted by the rod. Nodes and 
antinodes are formed in the air column which cause the powder at the bottom of the tube to collect in lateral 
ridges at the points of maximum disturbance, t.e., at the antinodes. Thus it is an easy matter to determine 
the wave length of the sound in air. The velocity of sound in the metal rod, t?m, is given by the expression 


Vm n\my 
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while the velocity of sound in air, Va (at the same temperature), is given bj 



«„ = nX 


ar 


where n = frecivicncy of the vibrating rod and also that of the vibrating air column, 
\rrt = wave length of the sound in the metal rod, and 
Xa = wave length of the sound in the air column. 

If we divide Eq. (1) by Eq. (2) we get 

Vfn 



By means of Ecj. (3) the velocity of sound in the metal rod may he determined in terms of the velocity @f 

sound in air (regarded as known) and the ratio of the two wave lengths. 

It is also possible to compute the velocity of sound in a thin metal rod b\ means of the equation 



where Y is Young’s modulus for the rod, and p is the density of the rod. One might .suppose from the 
analysis given in the theory of Experiment 61 that the above expression for Vm should invol\c the volume 
modulus of elasticity, E, rather than Young’s modulus, Y. This supposition would not be correct smee m 
that analysis it was assumed that the medium suffered no lateral change in dimension when a comprcssiooal 
pulse passed through it. This condition is realized when a disturbance originates in an elastic medium of 
great extent, or when the medium is confined to a tube with rigid walls. However, in this case, when a 
wav'e pulse trav^els along a thin rod, there is a small lateral expansion of that section of the rod undergoing 
compression. Because of this fact it may be shown that Young’s modulus should be used rather than the 
v'olume modulus of elasticity. Equation (4) may, of course, be used to compute Y for a rod in terms of 

measured values of Vm and p. 



Method: Set up the apparatus as shown in Fig. 62-2. Be sure that the metal rod is firmly clan 
exactly in the center. Also the powder should be distributed evenly along the bottom of the tube between 

Start with the piston A near the end of the tube. Stroke the metal rod with the cloth moistened in alrohol 
by grasping the rod near the clamp and then pulling away from the clamp. Slowly shorten the len^ o « 
air column during this process, men the air column between A and B is of the proper length, it wiU 
with the vibrating rod and cause the powder on the bottom of the tube to collect m ridges across the tu . 
clearly defining the positions of the nodes and antinodes. The inter-nodal distance wUl be of the order o 
magnitude of 10 em. Determine this inter-nodal distance accurately by measuring the distance tween 
(it must be at a node) and the node furthest away from it, and then dividing by the number o antmoi es 

between these two nodes. Make an estimate of the error involved in this measurement of W** 

Repeat this process by shortening the air column still further until the next resonance point w iw 
Measure the length of the rod. This is X,„/2. Estimate the error in this measurement. Deler^ 
the temperature of the room. Determine the velocity of sound in air at this temperature. « 
of sound in air at O^C may be taken as 33,170 cm/scc. The velocity of sound at any other temperaturcy 

be computed by use of the relation that the v'elocity of sound in air is directly proportiona u rimlti 

root of the absolute temperature of the air. See Eq. (8) in Experiment 61. By use of these a an 

determine the value of I’m for the metal rod. Also determine the error in this value. , Tv of ll» 

Finally determine the value of Young’s modulus, Y, for the rod by use of Eq. (4). Tm ^emaqr 
material of which the rod is made (iron, brass, copper, or aluminum) may be found in Tab e , PP«“ 
Compare this value of with the accepted value. See Table M, .Appendix HI. 

Repeat this experiment using a rod of different material. 

t 

Record: Record your datii and results for this experiraeut in tabulated form. 
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QUESTIONS 


It Is there a node or an antinode of the vibrating air column at the piston *1 in this experiment ? Explain. 

2. Sho^^ how the apparatus in this experiment could be used to determine the velocity of sound in a gas 
such as CO 2 , provided the velocity of sound in air is known. 

3. The value of \ oung’s modulus for a metal obtained in this experiment is likely to be somewhat larger 
than its value given in Table M, Appendix III. The latter value is an isothermal value while the former is 
an adiabatic value. How would this fact account for the difference in the value of K? 


Experiment 70, 


Reflection and Refraction 



Object: To study the reflection of light in a plane mirror; to study refraction of light in glass. 

Apparatus: Plane mirror mounted in blocks, rectangular piece of plate glass, plate-glass prism, pins, 
rule, protractor, cork-topped stand. 


Theory: The image formed by a plane mirror of an object in front of it may be located by tracing the 
light rays which seem to emanate from the image. Since light travels in straight lines, sighting at the ima^ 
from two different directions, and projecting these two lines of sight until they intersect, will locate the 
image at the point of intersection. Other lines of sight must then pass through this same point of inter- 
section if the image occupies a fixed position, regardless of the angle of view. 

The same technique may be applied to the study of refraction of light in glass. In this case, however, 
what is seen is not a reflected image, but a refracted image. Sighting tow'artl this image will enable the 
observer to determine the actual path the rays of light take in traveling from the object through the glass 
to the eye. 


Method: Part /. Reflection of Light by a Plane Mirror, 

A. Location of a point image by use of sight lines. Draw a line AB about 20 cm long across the center 
of a record sheet, place this sheet on the cork-topped stand, and stand the mirror with the e<lge of its reflecting 
surface on this line. Stick a pin vertically about 6 or 8 cm in front of the mirror to act as the obje^ O, 
(See Fig. 70-1.) Be careful that the pin is accurately vertical. The position of the image of this pin as 

seen in the mirror is to be located carefully. 



B 


Stick a second pin near the mirror and a tew centimeters to thoniSi'"' 

C), and another pin (such as at i)) 6 or 8 cm from C and exactly on the hoc winch p.,.-. n* 
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tmage of the original pin. When this has been accomplished, the third pin will hide the second pin and the 
image of the first pin. The pins should be as nearly vertical as possible, and the eye in sighting should be 
placed on a level with the paper so that the line of sight is along the points of the pins. Label the points C 
and Z). The image will lie somewhere on a line through C and D. 

Without disturbing the position of the mirror, determine in the same way two other lines directed toward 
the image, at different angles with AB, one on each side of 0. If the image has the same position when 
\ie\\ed from different directions, these lines (and all others similarly drawn) should intersect in the point 
which is the position of the image. Has the image a fixed position? 

Let I denote the position of the image. Draw a line connecting I and 0. What angle does this line 
make with AB ? (Measure with the protractor.) How is it divided by AB ? Describe definitely the posi- 
tion of the image with reference to the mirror and the position of the point object. 

It is evident that when sighting along the line DC at the image, the light by which it 'was seen came to 
the eye along that line, having been reflected by the mirror at the point where DC meets it. Call this point 
^ * Di'nw the incident ray OA and the perpendicular at N. Measure with the protractor and record in 
your figure the angles of incidence and reflection. Repeat this construction and measurement for the other 


two reflected rays. 

Within what limits (expressed as a per cent) do your results agree with the law of reflection? 

What is meant by the plane of the angle of incidence and of the angle of reflection ? WTiat is the plane 
of these angles in this experiment? 

B. The position of a point image in a plane mirror will now be found by parallax. Draw a line AB on 
another record sheet as before, and this time stand the mirror so that its reflecting surface is in the vertical 
plane through AB but with its bottom edge about \ in. above the paper. Adjust it accurately. Stick a 
pin vertically 6 or 8 cm in front of the mirror. Hold a second pin behind the mirror, but do not stick it 
into the paper, and move it about until it is in such a position (using parallax) that the portion of it which is 
seen under the mirror (the eyes again being nearly on a level with the paper), lines up accurately with the 
portion of the image of the first pin which is seen at the same time in the mirror. Use both eyes, and move 
the head from side to side. When the correct position has been found, the section of the second pin and the 

image of the first pin will fit from all points of view. Let 0i denote the position of the pin in front and 
Ii the position of its image as indicated by the second pin. 

Place the first pin at a different distance from the mirror, and again locate the image. Let O 2 and I 2 
denote the position of this object and this image, respectively. 

Draw lines connecting I and 0 in each case. What angle does each line make with the line AB? (Pro- 
tractor.) How is it divided by AB? How do the results compare with those of Section A? 


Part //. Refraction of Light in Gla^s, 


A. Apparent displacement of objects seen through plate glass. Place a sheet of graph paper on the 

platform. Place the rectangular glass plate flat on the paper near the center in such a way that its long edge 

is parallel to the horizontal lines of the graph paper. With a sharp pencil draw a line around the glass plate. 

Now place a pin near the top of the page and to one side of the center. Place a second pin a few centimeters 

further down the page and to one side so that the line connecting them contacts the glass plate at a sharp 
angle. ^ 


Looking through the glass from the lower side of the page you can see both pins. As you move your 
head from side to side, you can find a line of sight along which the pins appear to be directly in line. This 
line of sight may be defined by placing a third pin between your eye and the glass plate where it appears to 

fall on the same line as the first two pins. This step must be repeated by placing a fourth pin near the bottom 
of the page so that it, too, appears to fall in this line of sight. 

Use a straightedge and draw a line through the first two pin points to the edge of the glass plate. This 

line traces the path of the incident beam of light. Repeat this procedure by drawing a line from the lower 

edge of the glass plate through the third and fourth pin points. This line traces the path of the beam after 
it has passed through the glass. 

The path of the light beam in the glass may now be traced by drawing a straight line between the point 
at which the beam enters the glass and the point at which it leaves the glass. 


lit 
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1. Fiiul the relation between the incoming beam and the outgoing beam. 

•J. In what direction is the beam deviated in the glass? 

3. Where is the angle of incidence? Where is the angle of refraction ? Measure these in degrees with 

your protractor. 


B. The refraction of light in a prism. Stick two pins near the center of a fourth record sheet about 
two-thirds as far apart as the length of one side of the plate-glass prism. Lay the prism flat on the paper 
between the two pins so that each side of angle A (the angle at which the identifying number is scribed) is 
touching one pin. M ith the eyes nearly at the level of the paper, view the setup from such an angle that the 
portion of the pin P on the far side of the prism which is seen through the prism is just hidden by the corre- 
sponding portion of the pin Q on the near side. See Fig. 70-2. Stick a third pin, 0, in the paper to the 





Fig. 70-2. 

far side of the prism, several centimeters away from pin P, so that as seen through the prism it appears to 
be in the direct line of sight through pins Q and P. Stick a fourth pin, P, nearer the eye in the line of sight 
to pin Q, T^Tien properly arranged, and with the two far-side pins seen through the prism, all four pins must 
appear to be in a straight line so that only the pin nearest the observer can be seen. 

Draw perpendiculars to the refracting surfaces at the points of entrance and emergence of the ray, and 
indicate the angles of incidence and refraction of the rays and the angle of deviation (the angle between lines 
OP and QR) caused by the prism. State the direction of deviation of the ray (toward or away from the 
perpendicular) in passing into and out of the prism. Measure and record the angle of the prism A and the 

angle of deviation. 

QUESTIONS 

1. In Part II-A, Question 3, of this experiment you measured the angle of incidence, t, and the angle 
of refraction, r, of a ray of light passing through a glass plate. Compute the index of refraction, n, of the 

glass by means of the equation 

sin i 

n = 

sin r 

2 In Part II-B of this experiment you measured the angle of deviation, D, of a ray of light passing 
through the glass prism. If this ray passes through the prism from P to Q in Fig. 70-2 in such a way that it 
is parallel to the base of the prism, then it may be shown that the angle of deviation is a minimum. Un er 
these conditions, the index of refraction, n, of the glass prism is given by the equation 

_ sin ^{D + A) 
sin i^A) 

Compute the index of refraction of the glass prism by use of this equation. 


Experiment 71. 


Index of Refraction by Apparent Elevation 


Object: To determine the index of refraction of glass and various liquids by apparent elevation. 


Apparatus: Microscope and stand, glass dish, liquids, piece of plate glass, vernier caliper. 


Theory: When a small object which is covered by a layer of some transparent medium, such as glass or 
water, is viewed from directly above the surface, it appears to be nearer the surface than it actually is. The 
amount of this apparent elevation depends upon the thickness of the layer and the index of refraction of the 
layer of transparent material. The relation between these quantities is 
given by the equation 

‘ ( 1 ) 


n = 


t e 




t \ 

t V 

V ' 

T \1 

V f \ 

if 

o’ 

Ll 1 


Fig. 71-1. 


where n = index of refraction of the medium, 
t = thickness of layer, and 
e = apparent elevation. 

In Fig. 71-1 is shown a pencil of rays diverging from the source at 0 
directly toward the upper surface of the medium of thickness t. At this 
upper surface these rays undergo refraction as they pass into the air and thus appear to come from point O'. 
It may be shown that the position of 0' relative to 0 obeys Eq. (1) provided the light rays involved make 
practically normal incidence upon the upper surface. See any good general physics textbook for the devel- 
opment of this relation. 


In order to determine n for the layer of material, it is only necessary to measure e and t. This may be 
done by using a traveling microscope (Note C, Appendix II) and a vernier caliper. The microscope is 
mounted directly above the layer of material with its axis pointing toward 0. It may be focused on 0, on O', 
or on the top of the layer by means of a rack and pinion which moves the entire microscope up or down in a 
fixed metal sleeve. The position of the microscope relative to the metal sleeve may be measured with a 
vernier caliper. Hence the distances t and e may be determined. 


Method: Part L Glass. Make a small ink spot upon a piece of stiff w^hite paper. Place it on the 
microscope stand immediately under the microscope and focus the microscope on it with the rack and pinion. 
Be sure that the paper is fiat against the microscope stand. With the vernier caliper measure the distance 
from the top of the metal sleeve to the top of the eyepiece of the microscope. In this process use the protrud- 
ing shaft of the vernier caliper (see Fig. A-4). Call this reading ri. Essentially it gives the position of 0 in 
Fig. 71-1. Take three readings of ri refocusing the microscope each time. 

Then place the piece of plate glass over the spot and refocus the microscope until the image at 0' is in 
sharp focus. Measure, three times, the new distance from the top of the metal sleeve to the top of the eye- 
piece with the vernier caliper. Call this reading r 2 . It gives the position of O'. 

Finally focus the microscope on the top surface of the piece of plate glass. In doing this it may be 

necessary to put a small ink spot on this top surface. Again measure, three times, the position of the micro- 
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scope relative to the sleeve. Call this reading r^. It is evident that t = — ri and that e — rt — Tu hence 


n = 


Tj — ri 
Ti — r2 


( 2 ) 


6 alcnlate h^\ meajis of Eq. (2) the index of refraction of the glass plate. From the estimate<l errors in 
J*!. ^ 2 , ra, determine the error in n. 

Part II. Liquids. In the case of liquids use a flat-bottomed glass dish with a small .scratch on the 
bottom of it (in.side surface). This scratch will serve as the point 0. Focus the micro.scope upon the scratch 
and record the vernier-caliper reading as in Part I. Be sure to make three trials. Then pour in the ti<|uid. 
whose index of refraction is to be determined, to a depth of about 3 cm. Focus on the image of 0 at 0' 
and again record the vernier-caliper readings. Finally sift a little powder (lycopodium) on to the 
surface of the liquid and focus the microscope on this powder. Record the vernier-caliper readings for thi.s 
position of the microscope. From these data compute the index of refraction of the liquid. Determine the 
error in this value. 

Repeat Part II for a second liquid. 

Record: Tabulate your data and results. , 


QUESTIONS 

1. Develop Eq. (1) by use of the wave front or curvature method (law of sagitta). 

2. Show that the determinate-error equation corresponding to Eq. (2) is 

3. Is the image at 0' in Fig. 71-1 real or virtual? Explain. 


t 



■» • 




I 



Experiment 72. 


Lenses 



Object: To determine the focal lengths of converging and diverging lenses by different methods. To 
investigate the images formed by the converging lens. 


Apparatus: Optical bench (Fig. 72-1), convex lens, concave lens, telescope, object which may be 
illuminated, plane mirror, vertical wires, lamp. 



Fig. 72-1. 


Theory: The locations of object and image In reference to a lens are given by the basic lens formula 
(for a thin lens) 


- + ~ 

P Q f 


( 1 ) 


where p = distance from the object to the center of the lens, 

q = distance from the image to the center of the lens, and 
/ = focal length of the lens. 

For positive values of q the image is real, and may be projected on a screen. For negative values of q 

the imap is virtual; that is to say, the rays of light coming from the object through the lens diverge and the 

eye in viewing these rays sees them as though they came from an image located on the other side of the lens; 
such a virtual image cannot be projected onto a screen. 

There are two general types of lenses; converging and diverging lenses. The former type is thicker 

in the middle than at the edges; at least one side of such a lens is convex; rays of light in passing through such 

a lens converge more (or diverge less) on the far side. The diverging lens is thinner in the middle than at 
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concave; light rays diverge more (or converge less) after passing through 

I • cf a converging lens) on the axis of the lens through 

^hich all rays of light parallel to the principal axis pass when refracted by the lens, or (in the case of a diverg 

mg ens) appear to pass The distance from the center of the lens to this point is called the focal length of 

the lens. A convergent lens has a positive focal length and is hence often called a positive lens. A divergent 

lens ha.- a nega tive focal length, and is correspondingly called a negative lens. Thus it is clear that in Eq (1) 
algebraic signs must be carefully observed. u-v y 

♦ 1 object distance p which results in a positive image distance q implies 

that the object may be placed at a distance q and form an image at the distance p from the lens. (By con- 

vention a real object distance is always positive; an image distance is positive if the image is on the opposite 

side of the lens from the object.) Two points such that an object at one produces an image at the other are 
called conjugate foci. 


Method: Part I. Converging Lens. Make three determinations of the focal length by each of the 
following methods. 


1. Focal length by parallel rays. Rays of light from distant objects are essentially parallel. For the 
purposes of this experiment, a building or other object 50 yards or more away may be considered a distant 
object. Focus the image of such an object upon a screen. Since the incident rays are essentially parallel, 
the image formed will lie in the principal focal plane of the lens. Why? The best focus is obtainable if no 
extraneous light strikes the screen; it will be helpful if the room is darkened during this phase of the experi- 
ment with window shades up only high enough for a view of a distant object. Measure the distance from 
the center of the lens to the screen when the best focus has been obtained. 

Focus a telescope on some distant object. The telescope is now adjusted to focus parallel rays entering 
It. Without changing the adjustment of the telescope, place it over the optical bench and aim it toward the 
lens. On the other side of the lens place an illuminated object. A piece of transparent ruler mounted 
across a hole in a card and illuminated from behind will do. Move the lens toward and away from this object 

until the object appears clearly in focus in the telescope. Measure the distance from the center of the lens 
to the object. Why is this equal to the focal length? 


2. F ocal length by parallax. {Coincidence Tnethod.) Set a plane mirror whose face is vertical close 
behind the lens. Before it set an object such as a short vertical wire which can be illuminated from the side. 
Move the wire until, wdth the eye in front of the wire and the lens, an inverted image can be seen in the air 
just above the tip of the wire. When this has been accomplished, the wire and its image are a focal length 
away from the lens, since only then will rays of light from the wire be made parallel by the lens and be 
reflected back on themselves by the mirror. Adjust the position of the wire until there is no parallax between 
it and its image. (See Appendix II, Note F.) Since the image is in the focal plane of the lens, the eye 
must be focused not on the lens but on the image before it. 


3. Focal length by conjugate foci. Place the transparent-scale object near one end of the optical bench, 
and illuminate it from behind. Before it place the lens, and beyond this adjust the screen in a position to 
receive the image of the transparent scale. When a good focus has been achieved, the object and image are 
at conjugate foci of the lens (Fig. 72-2). To obtain a sharper focus, it will usually be helpful to cover all 


image 

P 



Fig. 72-2. 

of the lens except for a small aperture at the center. This reduces spherical aberration, a defect of all lenses 
made of a single piece of glass and ground with spherical faces. Measure the distances from the object to 
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the center of the lens and from the center of the lens to the image (distances p and q). Find the focal length 
from these data. 

Without moving either the object or the image after adjustment in the previous step, move the lens until 

another sharp image is cast on the screen. Again measure object and image distances (distances p^ and 

q ). How do these new distances compare with the previous measurements? Find the focal length from these 
data. 

Denoting by b the distance between the object and the image and by a the distance between the two 
positions of the lensy it may be shown that the focal length is given by 



Use Eq. (2) to find the focal length. Substituting an expression for a in terms of b and p in Eq. (2) and 
differentiating, it is found that the longest focal-length lens which will form an image a distance b from an 
object is one for which / = ib. In this case q p = Equation (2) can be derived from Eq. (1) by 
substituting expressions for p and q in terms of a and 6. Perform this derivation, 

4. Study the images formed by a converging lens and make a table showing whether the image is real or 
virtual, erect or inverted, enlarged or reduced for the following distances of the object from the lens \ more 
than twice the focal length, at twice the focal length, between the focal point and twice the focal length, at 
the principal focus, and between the principal focus and the lens. 

Part II, Diverging Lens, Make three determinations of the focal length by each of the following 
methods. 


1. Focal length by virtual object. Set up an illuminated object, convex lens, and screen as in Part I, 
Section 3, and obtain a sharp image on the screen. Now place the diverging lens between the first lens and 
the screen. Its diverging action will cause the image to lie farther from the convex lens than originally 
(^^S* 72“3). IMove the screen out until the image is again in focus, first recording the original position of the 


screen 


object 



Fig. 72-3. 

screen. Determine the distances between the center of the concave lens and the two positions of the screen. 

The position of the original image may be thought of as a virtual object (object distance negative) for the 

diverging lens. This results in a real image if the converging lens is ‘‘stronger” than the diverging lens. 

Thus the two positions of the screen are in fact conjugate foci of the diverging lens. Determine the focal 
length of the concave lens using Eq. (1). 

2. F ocal length by parallax. Place before the concave lens the shorter of the two vertical wires, and 
looking through the lens from the other side, locate its (virtual) image. Place the other vertical wire (tall 
enough so that 3 or 4 cm of its length are visible above the lens) in the general location of the previously 
located image. Looking at the image of the first wire in the lens and at the portion of the second wire visible 
above the lens, adjust the position of the taller wire by use of parallax (see Appendix II Note F) until its 
upper portion just coincides with the image. Measure the distances from the first wire to the center of the 
lens and from the center of the lens to the second wire. Calculate the focal length of the lens. 

Record: Tabulate the six sets of values for the focal length of the converging lens and the two sets for 

that of the diverging lens, each set consisting of the three trial values and their mean. Calculate the indeter- 
minate error in each case. 

Answer all italicized questions. 
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:>r-i‘erlies of the astronomical telescope and the simple com- 
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- - * •nstantly n>ed in the scientific lahoratory are the telescope and the 

riT^rti..n IS to aid \ i>iini l>y presenting to the eye a “magnified'^ image of the 
' :: ■ . Thus we are able to see better with these instruments than with the 

-le x used to examine large distant objects, such as the moon, which 

' ^ *• distinct vision (taken as cm\ hut must be examined where they 

.* ♦soope is generally used to examine small objects which may be moved 

’ . . I r }.-..ught to the position of most distinct vision. If these small objects are 
n * !.:n mmimuin distance, they cannot be seen clearly because of a lack of accom- 
■ ' 1* "1 the eye. It shoiihl l»e noted that if the power of accommodation of the 

‘'M^ising U(>on an objcjct no matter how close to the eye), microscopes would 
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^ " T * ' uiatrmfying jmwer of an optical instrument is essentially the ratio of the 

* ‘ ■ - d ^hr f*yf wlicn the instrument is used to examine the object, to the size of the 

■ ‘ ’ ' * : "hi-n the unaiiled eye is used to examine the object. It is clear then that 

*' • ’ n the ^ize nf the retinal image is increaseil by the use of an optical instrument. 

' ’ J ni.ijf IS flireetlv proportional to the angle subtended at the eye by the object or 

• » x.iiMiMed, smee the distance from the crystalline lens of the eye to the retina is 

j.d. lienee a general definition for the magnifying power (J/.P.) of an optical instru- 
fu* at the eye by the image produced out iu space by the instrumenty to the angle 

r/ , t.ljf rf uhen ririred in its jnmt favorable position by the unaided eye. The student 
t elrarly belwe^ui linear magnification (the ratio of an actual dimension of an 

.ding dimension of the olijeel) and magnifying power. If the moon, for example, is 
l>c, the actual linear diameter of the image may he many times smaller than that 
• r magnifying power, if vision is to be aided at all, would have to he greater than unity. 

: 1m* clear from the following discn.s.sion of the simfjlc magnifying lens. 

11 object ()(t* Ks placed just inside tlie principal focus F of a thin converging lens LU as 
A ririual image, erect and enlargerl, will be formed at IF, The relation between 
py image distance g, and focal length / will be 
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(nc'gali VO sign ii.sc<l ix’cause image is virtual). 
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If the eye is placed immediately behind the lens it will “see ” the image 11' provided ? > 25 cm. For ? < 25 

would not be able to focus on the image because of a lack of accommodation. The angle 0 in 

t e figure is essentially equal to the angle subtended at the eye by the image II' since the eye is placed 
immediately behind the lens. 



Fig. 73-la. 


o' 



If now the same object 00' is to be examined without the visual aid of the lens LL', it must be moved 

out to a distance of 25 cm from the eye for distinct vision. It then subtends an angle a at the eye as shown 
m Fig. 73-lb. 

The magnifying power of the lens is then given by the relation 


M.P. = 

a 

Since the angles a and ^ are sm all, the following relations are valid : 



a 


IT 

q 

00 ' 
25 ‘ 




( 2 ) 

(3) 


If we substitute these values of /3 and a. into Eq. (1) and simplify, we get 


M.P. 


= — = 25 ^ 


V 


fq 


(4) 


Since q must lie on the interval cc > ^ > 25 cm, it is clear that the M.P. may vary from its maximum value 


to its minimum value. 


M.P. (max) = y + 1 


(image at 25 cm). 


(5) 


M.P. (min) = 


25 

7 


(image at infinity). 


( 6 ) 


If/ is small compared to 25 cm, as it generally is, it will he seen that the two values of M.P. differ very little 
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As a nile, when an object is viewed through a magnifying glass, one has not the faintest idea wh. 

I le image le^ • s with objects, it is possible to view images over a range of distances (25 cm to infinity) In 
.wder to avoid eyestrain it is advisable to focus on the object in such a way that the image first app^;sat 

The Telescope. The telescope, an instrument used to observe a distant object, consists essentially of fl) 
the objecne. a converging lens which forms (in its focal plane) a real image of the distant object, and (2) an 
eyep,eee which m the simplest case, is a single converging lens used as a magnifying glass to examine thU 
real image_ The virtual image produced by the eyepiece may lie at any distance from it between 25 cm and 
infinit% bince the eye muscles are subject to the least strain when parallel rays fall on the eye (virtual 
image at intmity), we shall assume that the telescope is adjusted so that this is the case. 



Fig. 73-2. 


Figure 73-2 shows the optical paths of two sets of rays through a telescope having an objective lens LL 
and an eyelens EE\ The size of the eyelens is greatly exaggerated in this diagram because the angles which 
the rays make with the principal axis OR are greatly exaggerated. Rays 1, 2, 3 are a set of rays, practically 
parallel, coming from a point on the lower edge of the distant object (not shown). These rays pass through 
the objective lens LOU and are brought to a focus at P in the focal plane of the objective lens. Correspond- 
ing parallel rays from the uppermost edge of the distant object are brought to a focus at the point P', Thus 
a real inverted image of the distant object is formed in the focal plane of the objective lens. 0& = the 
focal length of the objective lens. 

This real image PP' is examined by means of the eyelens or eyepiece EW which is so adjusted in position 
that it forms a virtual image QQ' of the real image PP' at a very great distance from EE\ Thus the distance 
SR = /e, the focal length of the eyelens. Also the rays 1, 2, 3 emerging from the eyelens are, for all practical 
purposes, parallel rays. When the eye of the observer is placed behind the eyelens EE'y these parallel rays 
enter the eye and the eye sees the final virtual image QQ^ essentially at infinity. It is evident that this final 
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virtual image will be inverted with respect to the distant object. This is a characteristic of the astronomical 
telescope as distinguished from the terrestrial telescope. 

The magnifying power of the telescope is simply the angular size of the final virtual image divided by 
the an^lar size of the distant object. The distant object obviously cannot be brought to the position of 
most distinct vision, i.e., 25 cm. Hence one may write 


M.P. = (7) 

<x 

where and a are now the angles shown in Fig. 73-2. If it is remembered that these angles are very small in 

the case of the telescope (greatly exaggerated in the figure) it is an easy matter to show that 0/a = fo/fel 
and hence 

M.P. = j- (8) 

This is left as an exercise for the student. 

An examination of Fig. 73-2 shows that the emergent parallel rays coming from the two opposite edges 
of the distant object all pass through the area HH\ to the right of the eyelens. This area is called the exit 
pupil or eye ring of the telescope. It may be shown that through this area pass not only the rays mentioned 
above but all rays coming from the object which can be seen through the instrument. The exit pupil thus 
defines the place where the eye should be placed to see the largest range of the object. Further consideration 
of Fig. 73-2 shows that the exit pupil HH' is, in fact, nothing but the real image of the objective lens LL^ 
formed by the eyelens EE . Its position and size therefore may be computed by treating LL^ as an object 
in front of the eyelens (p = jTo H” fe) and by finding the position and size of the image of this object. By use 
of the lens formula the student may show that the distance of the exit pupil from the eyelens is/e[l + (/«//«)] 
and that its diameter is given by the relation 



Since the magnifying power of the telescope is, by Eq. (8), equal to fo/U it follows from Eq. (9) that 


M.P. = ^ 

Sc 


LL' 

HW' 



Thus the IV^.P, of the telescope is aIso cquh,! to the diEineter of the objective lens divided by the diameter 

of the exit pupil. By properly illuminating the objective lens its real image (exit pupil) may be projected 
on a screen and measured. 

A study of the efiFects of diflFraction in telescopes shows that it is desirable to have objectives with large 
diameters in order to increase resolving power (ability to separate objects very close together) . The conse- 
quent increase in the size of the exit pupil may be offset by increasing the focal length/, of the objective, and 
hence increasing the M.P. of the telescope. 

The Microscope. The magnifying power of a magnifier consisting of a single lens is of the order of 10 

or 15. When higher magnifying powers are desired, use is made of the microscope. In its simplest form it 

consists of a short-focus converging objective lens i. which forms a real image (enlarged and inverted) of 

the small object placed just outside its principal focus, F. This real image is examined by means of an 

eyelens (ocular) i. which forms an enlarged virtual image of the real image. See Fig. 73-3. The small 

object is P RQ. A set of rays emanating from point Q passes through the objective Lo and is brought to a 

focus at Qi. Another set emanating from point R on the principal axis is brought to a focus at point Ri. 

Thus an enlarged and inverted real image PiRiQi is formed by i.. This real image is placed in the principal 

focal plane of the eyelens i., so that the eye placed in back of i. sees an enlarged virtual image P 2 R 0 Q 2 (not 
shown) at infinity. 


lt>t 
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of the microscope is the ratio of the angular size of the final image to the an^ila 
-MZO of ,le object when plneed 03 e.„ U>e eye. The atudent may show that this reduces Z the exSon 


M.P. 




whore 7 ?i is the linear magnification of the image PiQi, 
There exists an exit piupil or eye ring HH' for the 
this exit pupil is the real image of Lo formed by Z,*. 


P \Qi/PQ. 

microscope just as for the telescope; and, 


as before. 



Fig. 73-3. 


An important Cjiiantity occurring in connection with microscopes, is the TtuTfieviccLl CLpettuTC (N.A.) of 
the microscope. It is given by the relation 


N.A. = n sin ARO^ 


( 12 ) 


where n is the index of refraction of the object medium (generally air but not always) and is the slope 
angle of the outermost ray from an axial point on the object. (See Fig. 73 - 3 .) The magnifying power of the 

microscope may be expressed in terms of the N.A. of the microscope and the diameter of the exit pupil by 
the relation 

50 N.A. 


M.P. = 


HW 


(13) 


Hlethod: In the following work several precautions must be taken. The lenses and other items of 
equipment used must be carefully aligned so as to lie all on the same axis and have their principal planes 
perpendicular to this axis. Poor alignment generally aggravates image distortion. In adjusting for paral- 
lax, the distortion, a result of lens imperfections and poor alignment, may cause a false movement if the 
eye is moved too far. Adjustments of this sort must be made with small head motions. The distortion 
may be partially eliminated by use of a diaphragm, which will cut down spherical aberration in the lens to 
which it is applied; it will at the same time, however, cut down the brightness of the images seen. 

Each observer should make an independent determination of each quantity involved in the following 
instructions. The mean of the readings should be computed in each case. 

Pari /. Astronomical Telescope, Using a distant building or tree as an object, focus an image on a 
screen with the long-focal-length lens (the objective lens). Remove the screen and place the vertical wire 
in the same location. Make any final small adjustment necessary to eliminate parallax between the image 
and the wire. (The eye is placed behind the wire looking toward the lens past the wire. The image, how- 
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ever, will be at the wire, and the eye must be focused for this distance.) Behind the wire place a short-focal- 
length lens (the eyelens) at a distance slightly greater than its focal length. Place the eye immediately 
behind this eyelens and slowly move the eyelens toward the objective lens until a distinct virtual image of the 
distant object and vertical wire first appears. Focusing in this manner ensures that parallel rays enter the 
eye and prevents eyestrain. Since the wire and the first image coincide, the second lens thus provides an 
enlarged image of the object with the image of the wire superimposed to act as a cross hair. 

Record the distances from the objective lens to the wire and from the wire to the eyepiece. As previ- 

ously noted in the theory, the magnifying power of the telescope is the ratio of these two distances. Calcu- 
late the magnifying power. 

Aim the telescope at the large scale in the laboratory. Focus the telescope as indicated above by 
moving the eyelens in, from a position too far out. With both eyes open, one seeing the scale directly and 
one seeing it through the telescope, aim the telescope until the images on the two retinas of the eyes merge 
into one. The scale as seen directly will seem small and be superimposed on the larger image as seen through 
the telescope. (Note: It may be difficult to accomplish the desired superimposition of images at first. The 
brain, confronted with seemingly inconsistent data, tends to rationalize, and pretends that one image or the 
other fails to exist. If this should happen, close the eye whose image is being accepted so that the other image 
again appears, and then try once more for the dual image.) Any parallax between the two scale images 
should be eliminated, before finding the magnifying power, by slightly moving the eyepiece in a direction 
such as to bring the final image to the same position as the large scale. Estimate the number of the smaller 
scaie divisions which are superimposed on each larger division. This number is the magnifying power of the 
telescope. Compare this with the value previously calculated. 

Illuminate the objective lens from the side, and project its real image formed by the eyepiece on a screen 
behind the eyepiece. This image is the exit pupil or eye ring of the telescope. The ratio of the actual diam- 
eter of the objective lens to the diameter of its image on the screen is equal to the magnifying power of the 
telescope. Compute this value and compare it with the two previous values. 

Repeat this part of the experiment using another eyelens of somewhat different focal length than the 
original eyelens. 


Part II, Compound Microscope, Place the small scale near one end of the optical bench, and illuminate 
it from behind. Before it place the shortest focus lens (the objective lens) at a distance somewhat greater 
than its focal length. Project its real image upon the screen. Remove the screen and place the vertical 
wire in the same location. Make any final small adjustment necessary to eliminate parallax between the 
image and the wire. Behind the wire place the medium-focal-length lens (the eyelens or ocular) at a distance 
slightly greater than its focal length. Focus by moving the eyelens in, from a position too far out. Why? 
Since the wire and the first image coincided, the original object should now be seen greatly magnified, with 
the vertical wire seemingly coincident with it to serve as a cross hair. Record the locations of all items: 
object scale, objective lens, vertical wire, and eyepiece. Also record the diameter of the objective lens and 
the diameter of the exit pupil or e 3 ^e ring. Compute the magnifying pow er of the microscope by use of Eq. 
(11). Compute the N.A. of the microscope. It is OA/ V {OAY + {ORY (see Fig. 73-3). Why.^^ Compute 
the M.P. of the microscope by use of Eq. (13). Compare these two values of the M.P. 

The magnifying power of a microscope may be determined directly in the following manner: Hold a 
scale of the same type as the object scale about 25 cm from the eye when the other eye is viewing the object 
scale through the microscope. x4djust the focus of the eyelens until there is no parallax between the two 
scale images, one seen directly and the other seen through the microscope. Superimpose the two scale 
images as in the case of the telescope. Estimate how many divisions of the scale viewed directly correspond 
with one division as viewed through the microscope. This number is the M.P. of the microscope. Would 
you expect this M.P. to be exactly the same as the calculated M.P. ? Explain. 


Record: 


Apparatus Numbers 

Long-focus lens 

Medium-focus lens 

Short-focus lens 


Focal Lengths 
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Item 


Part /. Asirouofuical Telescope 
Po5ition of objective lens 
Position of real image 
Position of eyepiece 
Distance objective lens to wire 
Distance wire to eyepiece 
M,P. (calc) 

M.P. (by direct obs) 
Objective-lens diameter 
Exit-pupil diameter 
M.P. (calc) 

Item 

Pari II. C ompoujid Microscope 
Position of object scale 
Position of objective lens 
Position of real image 
Posit ion of eyepiece 
Distance OR 
D istance ORi 
M.P. [calc by Eq. (11)] 

^l.P. (by direct obs) 

Diameter objective lens 
Diameter exit pupil 

X.A. 

M.P. [calc by Eq. (13)] 


Obs Xo, 1 


Obs No, 2 


Ave 


Obs No, 1 


Obs No, 2 


Ave 


QUESTIONS 


1. By use of Fig. 73-2 and Eq. (7) develop Eq. (8). 

2. Develop Eq. (9) by finding the position and the size of the image, HH', of the objective lens, LL', 
formed by the eyepiece lens, EE'. 

3. Develop Eq. (11). 

4. B\ use of Eqs. (12) and (13) show that the M.P, of a microscope may be increased by using an oil- 

immersion objective lens, i.e., by filling the space between the object {PRQ) and the objective lens (AS) in 
Fig. 73-3 with oil. 


Experiment 7 h. 


Index of Refraction with Spectrometer 


Obj ect: To determine the index of refraction of a glass prism for the mercury green line by spectrometer 
measurements of the prism angle and angle of minimum deviation. 

Apparatus: Spectrometer, mercury arc, glass prism, level. 

Theory: It is possible to make a very accurate determination of the index of refraction, n, of glass for a 
given wave length of light by use of refraction through a glass prism. 

Suppose that a ray of monochromatic light (light of a single wave length) is incident upon one face of a 
glass prism at point M as shown in Fig. 74-1. This ray will be refracted as it passes from air into the glass 



Fig. 74-1. 

and will proceed through the glass along some line MN. At point N it will again be refracted as it emerges 
from the glass into the air on the other side of the prism. The angle D in the figure represents the total 
deviation of the ray resulting from its passage through the prism, i.e.y D is the angle between the incident 
ray and the emergent ray. It may be shown from the geometry of the figure that 

Z) = (ii — ri) + (12 — r2), 

where = angle of incidence, 

ri = corresponding angle of refraction, 

12 = angle of emergence, and 

T 2 = corresponding angle of refraction. 

It may also be shown by geometry that ri + r 2 = A where A is the angle of the prism as shown. Hence 


D — i\ 1*2 — 

The complete proof of these formulas is left as an exercise for the student, 
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For a given prism, U.c mugnitnde of the angle D depends only upon tl.e incident amrlo ' mu- 
evident since for a given prism of fixed n and A the amrles r r anH ; k i i ^ t ® '' 

D may, lh<.ret„re, l,o regarded aa a funetion „f f,. ' i* given. 

this i^s MaTea'!* tV**' 't there is one value of ti, and only one, which make-s D a minimum Wli 

this ,.s the ease tlie angle., and „ must be equal, for, if they were not equal, there would evIstTr l it 

angles giving niinimiiin deviation, i.e., i, and H. Thi., follows from the fact that it is alwavs 

reverse the direetmn of the ray through the prism without changing the value of J) ' 

n us experiment the condition of minimum deviation is .secured by trial. Under this eoiidilion 

ii = ii = i\ 


Ti = rn = r = 


A 

2 


(2 


It follows that Eq. (1) may be written 


= 2l — A, 

where = angle of minimum deviation, 

? = angle of incidence or emergence, and 
A — prism angle. 

The index of refraction n of the glass prism is given by the defining relation 


(3 


n = 


sin t 
sin r 


(I) 


By use of Eqs. (2) and (3) the value of n may then be written in the for: 


^ ^ sin + A) 

sin (Af2) 


(5) 


e ation (5) provides us with one of the standard methods of determining the index of refraction of a 
substance, such as glass, when it is m the form of a prism. By use of a spectrometer the angles A and 
may be measured with great accuracy, and hence a very accurate value of n mav be obtained 


Method: Part I. Adjustment of Spectrometer. Details concerning the construction and the approxi- 
mate adjustment of the spectrometer are given in Note L, Appendix II. The student should read this 
section in the Appendix and make the adjustments called for before proceeding further in this experiment. 

Part II Measurement of Prism Angle. Place the prism on the spectrometer table with its refracting 

edge near the center of the table and with its base approximately perpendicular to the axis of the collimator 
as shown in Fig. 74-2. 

Illuminate the slit of the collimator C with light from a lamp bulb or from a mercury arc. Make the 
sht fairly wide to begin with so that there will be no difficulty in seeing it. Parallel ravs of light coming 
from the collimator will then fall upon both faces of the prism and be reflected. Before trying to find these 
reflected rays with the telescope, try finding them with your eyes. You should be able to’see a clear image 
of the collimator slit by reflection from either face of the prism. If you cannot find these images with your 
eyes, there is little chance that you will be able to do so with the telescope. Some adjustment of the position 
of the prism on the table may be necessary during this process. 

Clamp the prism table so that it cannot turn with the telescope. Seek the two images of the collimator 
slit by using the telescope. These should be found with the telescope before any readings are attempted. 
Then set the cross hairs of the telescope on the center of the image of the collimator slit in one of the faces 
of the prism, c.^., in position T. In order to get an accurate setting it is advisable to make the collimator 
slit very narrow. Read both verniers to the nearest minute of arc and record these readings. Distinguish 
between the two vernier readings by labeling them. Move the cross hairs off the collimator image by using 
the slow-motion screw of the telescope; then move them back on to the image. Again read and record the 
position of the telescope. 

Next, unclamp the telescope and move it to the position T\ setting the cross hairs on the other image 
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of the collimator slit. Repeat the process described in the foregoing paragraph. In this part of the experi- 
ment it is essential not to move the prism, prism table, or collimator. Why.? 



Fig. 74-2. 


By subtraction determine the angle through which the telescope has been turned. This is twice the 
angle of the prism. Why? Make an estimate of the error involved in measuring the angle of the prism. 
Note: All prisms used in the laboratory are very nearly equiangular; hence your prism angle should be very 
nearly 60°. Use as angle A the angle in which the identifying number is scribed. 

P(XTt m , casuTCTTicTit of AtzqIc of Dcvicitioti, Set the prism on the spectrometer table with 

its refracting edge near the center of the table and with its base making an angle of about 30° with the colli- 
mator axis as shown in Fig. 74-3. 



Rluminate the slit of the collimator with light from the mercury arc. Some of the parallel rays from 
the collimator will be incident upon the first face of the prism and be deviated in their passage through the 
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prism tow ard the telescope in position T, Others will miss the face and pass directly toward the telescope 
in position To^ provided the first prism face does not extend too far across the spectrometer table. 

\Mth the collimator slit fairly wdde try to find the image of the slit with your eye in position Toy and 

then in position F. There wdll be only one image at position To but there should be a whole series of slit 

images at position T because of dispersion by the glass prism; that is, one gets the line spectrum of the mer- 
cury arc in this position. 

Set the telescope in the position To and find the direct image of the slit. When this image has been 
found, make the slit of the collimator very narrow and set the cross hairs at the center of the slit using the 
slow-motion screw’ of the telescope. Read and record both verniers for this position of the telescope. Then 
move the cross hairs away from, and then back to, the center of this image. Again read and record the 
verniers. These readings give the zero position of the telescope. 

Now swing the telescope around to position T and search for the green line of the mercury arc. This 
line is quite intense and can hardly be missed unless you happen to be color blind. Set the cross hairs of the 
telescope on this line. Then slowdy rotate the prism table and prism in that direction which causes the green 
line to move toward the position of the direct or central image at To* Follow this line with the telescope 
until the line has moved as far toward To as possible. At this point further rotation of the prism table in the 
same direction will cause the line to reverse its motion and move away from To* Set the cross hairs of the 
telescope on the green line w^hen it is nearest the position To* Read and record both verniers for this position 
of the telescope, ix.y the position of minimum deviation. Repeat this process two more times. In each 
trial rotate the prism table slightly so that the green line moves away and then back to its position of mini- 
mum deviation. 

The angle of minimum deviation Dm is the smallest angle obtainable between the two angular positions 
To and T of the telescope and may be computed by subtraction of vernier readings {the same vernier) for the 
two positions. Compute this angle and estimate the error in its determination. 

By use of Eq. (5) compute the index of refraction for the green jfcercury line (X = 5460.74 A). Use a 
five-place log table for this calculation. Compute the error in the index of refraction using the method given 
in the sample record. 


Record: (Sample.) 

App. Nos. Prism No. 8 

Spectrometer No. 6 
Mercury arc No. 5 

Wave length (green line) = 5460.74 A 
Part II, Prism Angle A. 



Vernier 

Vernier 


■A 

B 

A 

B 

Left T 

246° 13' 

66° 3' 

246° 15' 

66° 2' 

Right T 

126° 17' 

306° 9' 

126° 18' 

306° 12' 

Diff 

119° 56' 

119° 54' 

119° 57' 

119° 50' 


Ave Diff = 119® 54' ±2', A ^ 59® 57' ± 1' 

Angle of Minimum Deviation Dm* 

Zero Position 


Vernier 

Trial I 

Trial II 

Average 

A 

193° 48' 

193° 45' 

193° 46' 

B 

13° 39' 

13° 41' 

13° 40' 


Part III. 
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Deviated Position 


Vernier 

Trial I 

Trial II 

Trial III 

Average 

A 

245° 34' 

245° 38' 

245° 32' 

245° 37' 

B 

65° 25' 

65° 21' 

65° '2S' 

65° 27' 


Deviation 


Vernier 

Dev pos 

Zero pos 

D,„ 

A 

245° 37' 

103° 46' 

51° 51' 

B 

65° 27' 

o 

O 

51° 47' 

.Vve 51° 49' ± 2' 


D„. - 51'’ 49' ± 2' 

^ ^ sin + A) ^ sin 55° 53' 1.91798 

sin iA sin 29'’ 58' T.69853 

0.21945 

n = 1.6575 


In order to compute the error in n, we may proceed in the ordinary manner by developing the error 
equation. In this case the error equation is complicated by the presence of trigonometric functions. Those 
students who are familiar with the calculus may find it worth-while developing the error equation to fit this 
case. For the sake of variety we shall proceed in a different manner. 

The errors in angles Dm and A are given as ± 1' and +2', respectively. In order to get the error in n 
we have only to recalculate the value of n using for Dm its average value ±2', and for A its average value 
i I • This new value n ( n -f- Aw) minus the original value will then represent the error in n. The signs 
to be chosen for ^Dm and AA should be such as to make n as large as possible. A little thought indicates 
that Dm should be increased by 2' and A decreased by 1'. Hence 


n -|- An 


sin 55° 53' 30" 
sin 29° 57' 30" 


= 1.6581 
An = -l- 0.0006 


1.91802 

1.69842 

0.21960 


In calculating the error in the result by this method it is essential that the calculations be made very 
carefully without arithmetical mistakes because the error is the difference between two relatively large 
numbers which are very nearly equal. 

Finally it should be pointed out that the error obtained in this experiment is probably too small because 
no account is taken of the fact that the spectrometer was only approximately in adjustment. Lack of com- 
plete adjustment will probably increase the error, but it is difficult to say by how much. 


QUESTIONS 


!• Develop Eq. (1) using Fig. 74-1. 

2. By use of the calculus show that Z> is a minimum in Eq. (1) when, and only when, ii = ^ 2 . 

3. In Part II (measurement of prism angle) it frequently happens that the observer is able to see with 
his eyes a clear image of the collimator slit by reflection from either face of the prism but is unable to “see’’ 
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Experiment 75. 


Wave-length of Light. Diffraction Grating 


Object: To measure the wave lengths of some of the prominent spectral lines in the mercury-arc spec- 
trum with the diffraction grating. 

Apparatus: Spectrometer, transmission diffraction grating, level, mercury arc. 

Theory: A very useful device for the production of spectra and the measurement of wave length is the 
diffraction grating. It consists essentially of a series of narrow parallel slits very close together. When a 
beam of light is transmitted by such a grating, each of the apertures becomes the source of secondary waves 
according to Huygens’ theory. These secondary waves recombine and by interference produce new wave 
fronts which form the spectrum of the incident beam. 



Figure 75-1 shows the action of the diffraction grating. Thus gg' represents a cross section of the 
grating, and the openings m, s, t, etc., represent the slits which may be thought of as extending at light 
angles to the plane of the paper. Let vno' represent a plane wave of monochromatic light falling upon the 
grating at normal incidence. When this wave front reaches the grating, the openings m, p, 5 , t become new 
sources of cylindrical waves whose circular cross sections are shown in the figure. If we draw the envelope 
to all these secondary waves after they have traveled a few wave lengths away from the grating, we obtain 
the plane wave surface uu^ which we should have had even if the grating had not been present. The con- 
verging lens LL' will bring this plane wave to a focus at h (the central image) in the principal focal plane of 
the lens. Thus an image of the distant line source (illuminated slit) giving rise to the plane wave tow' will 
appear at lo* 

But uu' is not the only envelope that can be drawn in the figure. A surface mm' can also be drawii 
which is tangent to the secondary waves. It is so drawn that its distance from p is one wave length, from 
s two wave lengths, etc. Hence mm' may be regarded as another wave front which, after passing through 
the lens, will be brought to a focus at point h in the focal plane of the lens. Thus an image of the source 
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tk>t -oracr ini:igo'> \N-ill al^o appear at h. A similar argument shows that there should be another first-order 
imago 1 1 ’ ns far below I. as h is above it. 

Additional wave fronts may be constructed, giving higher order images. For example, a second-order 
image may be formed by a wave front drawn from m and passing the opening at p at a distance of 2X. In 

general the intensity of the images falls off rapidly as the order increases. 

An examination of Fig. 75-1 shows that the wave front which forms the first-order image at Ii makes 

such an angle t>i. with the grating that the following equation holds: 


X = a sin du 


( 1 ) 


where X = wave lenerth of the light, 
a = jup = grating space, and 
= angle between gg' and 

Equation (1) may be generalized for any higher order image by writing 

nX = a sin (2) 


where « is an integer representing the order of the image and 0„ is the angle between the plane of the grating 
and the wave front producing the image. Since rays are perpendicular to wave fronts, we may say that 
du for example, is also the angle between the set of parallel rays entering the lens and forming the central 

iniaee at /<, and a corresponding set forming the first-order image at li. ^ . , , , 

By use of a spectrometer it is possible to measure the diffraction angles with considerable accuracy, 

and hence determine X. _ , ,. 1.^1 j-o! x- 

If the s(Hirce of light is not monochromatic but emits light of various wave lengths, then the diffraction 

'ratiiK’ will sort out these wave lengths forming spectra of different orders. In particular, the light from a 
mercury arc when passed through a diffraction grating forms a distinctive line spectrum which may be 

analvzed. 

% 

Method: Before starting this experiment, adjust the spectrometer by the method outlined m NoteL, 

Place Ae diffraction grating in its mounting at the center of the spectrometer table with its plane as 
nearly perpendicular to the axis of the collimator as can be judged with the eye. 



X 


Fig. 75-2. 

Illuminate the slit of the collimator with light from a mercury arc. Parallel ray^oj 
from the collimator lens and fall perpendicularly upon the gating G, as s ^ central image 

be diffracted by the grating, forming bright line spectra of the It should be 

to ,e. two o, three order, of epectra. There are one of which 

spectrum : a bright yellow line (doublet), an intense green line, and several blue a 

is fairly intense. See Table H, Appendix III. j Wr./.nrder soectrum. Make the 

Swing the telescope into the position T, so that it is directe owar _ brightest 

slit of the collimator quite narrow. Then set the cross hairs of the telescope in turn p 
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violet line, the bright green line, each of the yellow lines (these are very close together and may not be 
resolved unless the collimator slit is very narrow). In each case record both vernier readings to the nearest 
minute of arc. Then rotate the telescope into the corresponding position at on the other side of To- 
Take a similar set of readings. Be sure to set the cross hairs on the same lines to right and left of To, 

Repeat the above process for these same lines in the second-order spectrum. 

In order to answer Question 5 it is necessary to take readings on the To position of the telescope. It is 
not necessary to use these readings in the main body of this experiment since the angle between the T and T 
positions may be taken as twice the angle of diffraction in the case of each line. 

Compute the wave length in angstroms of each of the mercury lines measured, using the number of lines 
per inch stamped on the grating mounting. In each case determine the amount of error in the wave length, 
using estimated errors in the diffraction angles. It is advisable to use a five-place log table to make the 
calculations. Errors in the wave lengths may be calculated as they were in Experiment 74. 

Record: 

Spectrometer No 

Grating No 

No. of lines per inch 

^ ^ 2.540 X 108 

Grating space in angstrom units = ^ — r = 

lines per inch 


Yelloav Line No. 1-First Order 


Vernier 

; Pos T 

Pos T 

B\ 

ABi 

A 





B 





Ave 



Make similar tables for the other lines and other orders. 


First Order Second Order 


Mercury lines 

Oi 

ABi 

X 

AX 1 

$2 

A02 

X 

AX 

Ave X 

Yellow, No. 1 










Yellow, No. 2 










Green 










Violet 











Per cent difference between measured X and standard value: 


QUESTIONS 


1 . Show that the error equation corresponding to Eq. (2) is 


AX 

X 



a 


+ cot Bn A^ 


where A0n is expressed in radians. It is assumed that there is no error in ti, the order of the spectrum, 

2, By use of the error equation given in Question 1 show that the wave length of a given spectral line 
can be determined most accurately by making observations on the image of highest order that appears in 
the spectrum. 
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3. Discuss the differences between the grating spectrum and the prism spectrum. Which color is 
deviated the most in each case? 

4. What will be the angular displacement in minutes of arc between the lines of the sodium doublet ia 
the second -order spectrum produced by a transmission grating having 14,500 lines per inch? 

5. If tlie normal to the grating makes a small angle i with the axis of the collimator, show that a constant 
error is introduced which makes all calculated values of X too large. The correction factor in this case is 

\ 

1 - cos~0/ 

where 6 is the average diffraction angle and 50 is the difference between the ToT and ToT' angles in Fig, 75-2, 
Compute this correction factor for the green line in this experiment. Is it significant? 



Experiment 76. 


Spectroscopic Analysis 



Obiect: To calibrate a prism spectroscope and to determine the wave lengths of certain spectral lines. 

Apparatus: Spectrometer, prism, mercury arc, bunsen burner, various salts. 

Theory: When a beam of white light is sent through a prism of a spectroscope as shown in Fig. 74-3, it is 
dispersed into a spectrum, the violet rays (short wave lengths) being deviated most and the red rays (long 
wave lengths) being deviated least. This is due to the fact that the index of refraction of glass is a function 
of the wave length, decreasing with increasing wave length. This means that the deviation of a ray of light 
produced by a glass prism is a function of the wave length of the light. Therefore, the prism spectroscope 
may be used to determine wave lengths if it is first calibrated by sending rays of known wave lengths through 
it and observing their deviations. A graph showing the relation between these wave lengths and their cor- 
responding deviations can then be used to determine any unknown wave length in terms of its deviation. 
The spectrum of the known wave lengths is called the comparison spectrum. 

In this experiment the principal lines in the mercury-arc spectrum will be used as the comparison 
spectrum. 

Method: Adjust the spectrometer by the method given in Appendix II, Note L. Use the mercury 
arc as a source and adjust the prism for minimum deviation of the green line in the mercury-arc spectrum 
(5461 A). Then clamp the collimator and prism table in position allowing only the telescope to rotate. 
These adjustments must not be altered during the remainder of the experiment. 

Calibration of Spectrometer, Set the cross hairs of the telescope successively on the prominent lines of 
the mercury -arc spectrum, reading the position of the telescope in each case. Include in the telescope 
settings its zero position for the undeviated beam from the collimator. In making a setting, the collimator 
slit should be as narrow as possible and the cross hairs set on the center of the line. The mercury lines used 
should include the violet line (4358 A), the green line (5461 A), the yellow doublet (5770 A, 5791 A), and the 
orange lines (6152 A, 6232 A). Plot a graph with ordinates as wave lengths in angstroms and with abscissas 
as angular deviations. This constitutes the calibration curve for the spectroscope. 

Determination of Wave Lengths, Remove the mercury-arc source and replace it with a bunsen burner 
and screen. Do not place the burner too close to the collimator slit. Place on the screen the salt to be 
analyzed and observe the spectrum emitted by the heated salt. Set the cross hairs of the telescope on all 
the lines emitted and compute the deviations for these lines. By use of the calibration curve determine the 
wave lengths of these lines. Determine the elements in the salt which give rise to these lines. Refer to 

Table H of Appendix III. 

Obtain the absorption spectrum of a salt solution and estimate the wave lengths of the absorption bands 
by use of the calibration curve. 

It will not be necessary to make an error analysis in this experiment. 

Record: Tabulate your data and results. Answer Question 1, 

QUESTIONS 

I. With your calibration data from the spectrum of the mercury arc, plot a second graph with l/X^ as 

ordinates and deviations as abscissas. Discuss the advantages, if any, of this type of calibration curve. 
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Photometer 



Object: To measure the candlepower of an incandescent lamp; to determine its efficiency under various 
conditions; to measure the absorption coefficient of an absorbing screen. 

Apparatus: Grease-spot photometer equipped with voltmeter (0 150) and voltage controls for 

standard and test lamps, or photovoltaic-cell photometer similarly equipped plus photovoltaic cell (Weston 
photronic cell) and reflecting galvanometer; standard lamp; unknown lamp; ammeter (0 1); absorbing 

screen. 


Theory: A point source of light gives off equal amounts of light flux in all directions. The intensity 
(amount of flux per unit area) is evidently a function of the distance from the source, and in fact is pro- 
portional to the inrerse square of the distance. This behavior is described by the following formula: 



where I = intensity of illumination, 

K = proportionality constant, 

CP = strength of the source in candlepower, and 

r = the distance from the source to the surface illuminated. .,„i. 

With proper choice of units the proportionality constant may be made unity. A unit of intensi y m 
n-ed i^ the foot-candle, and is the intensity of illumination at a surface placed 1 ft from a standard cand 
that is, a source with a strength of 1 candlepower. In this case Eq. (1) reduces to 


I = 


CP 


(!') 


The strength of a lamp in a given direction is defined as the candlepower oi a pomu . 

it, i.e., which would give the same illumination m the same direction. jjffprent sources. The 

The photometer is an instrument designed to compare ® J®“5{'®j^^^i2tensity of illumination from 

method is generally to adjust their respective distances from a screen J ^ ^hich the two 

one source is equal to that from the other. One such type is the P / Light is trans- 
mitted through the paper more readily where it is spotted than On the 

lighted from one side and viewed from the other, the spots ^PP®^" darker, since the light 

other hand, if viewed from the same side as the illuminating source, P g_yaUy from both sides, the 
is transmitted rather than reflected. When, however, the screen is i -gj.acted by light transmitted 

?rthrolr^n 

T t^lthod^ v^w^g bo. sides shnultaneously 

is illustrated in Fig. 77-1. 
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Another type of photometer utilizes a photovoltaic cell, whose electrical output is dependent on the 
intOTSity o t e ig t falling upon its face. It is possible to calibrate such a cell with its associated meter to 
read t e actua illumination intensity, and this is done in some types of “light meters” used in photography. 
However, m order to get results which are independent of the cell’s output versus illumination-intensity 
characteristic, the cell should be used merely to detect a certain level of illumination intensity. In such use. 


unknown lamp 


grease 

spot 

mirrors screen 



standard lamp 


~ “O 


absorbing screen 


FiK. 77-1. 


the relative distances of two sources from the cell are varied until the cell’s output is the same in either case. 
The photometer may be constructed as in Fig. 77-1 with the photovoltaic cell mounted in the center in 
place of the grease-spot screen in such a way as to swivel to face either direction. Alternatively, the photo- 
meter may be one-half as long, with the cell facing only one way and the two sources to be compared using 
the same socket successively. The latter type is preferable because of its simpler construction, and Method 
B assumes its use. 

If, in the following treatment, the subscript s refers to the standard lamp, against which we are to 
compare the unknown lamp designated by subscript x, it is clear that at balance for the photometer, 



• 

II 

H 

(2) 

That is to say, using Eq. (!'), 




CP, CPs 

(3) 


(r.r- irsr-’ 

or 

(r 

rco />r> ^ 

" ‘ (r,)2’ 

(30 


It is also clear that the ratio of the distances, squared, is unitless, and that therefore the distances may be 
measured in any convenient units. 

An absorbing material has the property of reducing the intensity of light passing through it by a fixed 
fraction for a given thickness of the material, regardless of the original intensity. Thus, a given absorbing 
screen may pass 80% of all incident light. The intensity of the light as it passes through the material 
diminishes in accordance with the law 

I = (4) 


where I = the intensity of light a distance s into the medium, 
lo ~ the intensity of the incident light, 
e = the base of natural logarithms, and 
a — the absorption coeflBcient. 

It is readily seen that for a given thickness, U the ratio of the transmitted light to the incident light 
is a constant: 

^ -■ ’ (5) 


= 


= A. 


If such a screen is placed between the standard lamp 
reduced and is given by 


and the detector of a photometer, the intensity is now 



( 6 ) 
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hi onlor to find .1 and hence (7 with the grease-spot photometer, a balance is obtained between the standard 
lamp and the unknown lamp M*ithoiit the screen, in which Eqs. (2) and (3) hold. Then without changing 
another balance is obtained with the screen in place, at which time the following is true: 


But then also. 


or 


or 




Then, knowing the thickness of the screen and using Eq. (5), it is possible to compute the absorption coeffi- 
cient, a. 

The procedure of finding ^4 is somewhat simpler with the photovoltaic-cell type of photometer. Using 
either lamp, for convenience the standard lamp, toward the far end of the photometer, a reading is obtained 
on the galvanometer connected to the photovoltaic cell. The screen is inserted between the lamp and the 
cell and the lamp moved up to produce the same reading. Clearly then, Is = and the rest of the compu- 
tations are as previously indicated. 

One method of designating the efficiency of an electric lamp is to rate it in terms of candlepower strength 
I>er watt of electrical power consumed. Much of the radiation from an incandescent lamp is in the infrared, 
and as such is lost for lighting purposes. However, the hotter a body is, the greater is the fraction of its 
radiation in the visible region of the spectrum; and hence the efficiency of an incandescent lamp increases 
with its temperature. The total power dissipated, of course, increases with the temperature, and thus, in 
this experiment, the relationship of efficiency with power input is to be measured. The latter will be meas- 
ured by finding the current and the voltage of the test lamp. 


Method: A, With Grease-spot Photometer. 

Examine the photometer, noting what adjustments and scales are available. The theory on which this 
exi>eriment is based depends on the lamps being essentially point sources of light. Deviation from this 
state becomes appreciable (1%) if the illuminated source (filament) subtends an angle of more than about 
10® at the screen. Thus ordinary 110- volt incandescent lamps should not be used closer to the screen than 


about 20 cm. , 

The electrical svstem consists of the following elements; main power switch, a voltmeter, a selector 

switch connecting the voltmeter across the terminals of either the standard or the unknown lamp, a rheostat 
in series with each lamp, and an ammeter in series with the unknown lamp. 

Part I. Efficiency. Note the calibration of the standard lamp and the voltage at which is cali- 
brated; set this value by means of the voltmeter and the rheostat for the standard lamp. Record these 



Set the voltage of the unknown lamp to 120 volts, and record this and the corresponding current 
Adjust the position of the standard lamp to obtain balance at the screen. Attempt to get the contrast 

between the grease spots and the surroundings equal. Record the distances of t e amps rom ® _ 

Move the standard lamp away, and adjust this distance for balance agam, the other observer making the 

Redu^e^hfvdUgetrthe unknown lamp by about 5 volts and check the standard-lamp voltage^ Again 
record current, voltage, and standard-lamp distances. Repeat in steps of about 5 volts to the lowest voltage 

at which balance can still be obtained. 

Pan a. Ahs^pti^n Coement. Place the abaerblng screen in the 
np and the screen. Bring the standard lamp to w.*in al»>*l; “ ™ „„tion’ot the standard 

K-m-e Z screen, and adjust the posilmn 
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of the standard lamp until a balance may again be obtained, but without changing 
Record this distance as 


the voltage of either lamp. 


Again insert the absorbing screen, and change the voltage of one of the lamps so that the balance point 
is about 3 or 4 cm removed from its original point. Record the new values of voltages and r/. Remove 
the screen and find a new value of without changing the voltages. 

Set the voltage of the standard lamp to its standard value, and measure the strength of the unknown 
lamp at one of the \ oltages used in Part I, but with the absorbing screen in place. Record the voltages and 
the standard-lamp distance. W ith the vernier caliper measure the thickness, /, of the absorbing screen. 

B. H ith Photovoltaic-Cell Photometer . Examine the photometer. The photovoltaic cell connects 
directly to a deflecting galvanometer whose resistance is of the order of 100 ohms, and whose sensitivity is 
of the order of 10 ^ amp/mm/m. The technique of measuring light intensities is to obtain a reference 
deflection on the galvanometer from the unknown lamp, and then match it with an equal deflection from the 
standard lamp by moving the standard lamp to the proper distance from the cell. Before commencing 
the experiment, see to it that no light falls on the photovoltaic cell; then adjust the galvanometer to zero 
deflection. 

Note what adjustments and scales are available. The theory on which this experiment is based depends 
on the lamps being essentially point sources of light. Deviation from this state becomes appreciable (1%) 
if the illuminated source (filament) subtends an angle of more than about 10° at the screen. Thus ordinary 
110-volt incandescent lamps should not be used closer to the screen than about 20 cm. 

The electrical system consists of the following elements: main power switch, a voltmeter, a rheostat in 
series with the lamp socket, and an ammeter in series with the socket. 


Part /. Inverse Square Law. It will be of interest to perform an approximate check on this law under 
the circumstances of this experiment. Set the voltage at the lamp to its lowest value, and move the lamp 
to within about 20 cm of the photovoltaic cell. Adjust the voltage of the lamp until a large deflection is 
obtained on the galvanometer, about full scale. Record the voltage and distance of the lamp, and the 
deflection on the galvanometer. Now move the lamp 10 cm farther away, keeping the voltage constant. 
Read and record the galvanometer deflection. Repeat this process at distance increments of 10 cm until the 
lamp is as far away from the cell as the apparatus permits. Plot the galvanometer deflection against the 
reciprocal of the square of the distance. The plot should be a straight line for accurate inverse-square-law 
behavior. There are at least three factors present which would tend to prevent such ideal behavior. One 
of these is the fact that the output of the photovoltaic cell depends on the resistance in the external circuit, 
and is linear only for zero load resistance, being fairly linear for 100 ohms, and quite unlinear for 1000 ohms. 
The student should list two other factors causing nonlinearity. 

Part II. Efficiency. Insert the unknown lamp in the socket and move it to the far end of the photo- 
meter from the photovoltaic cell. Adjust the voltage to the maximum value available (about 120 volts) and 
then move the lamp to a position where it gives a large deflection on the galvanometer This should be 
more than half scale with the lamp in the farthest quarter of its travel. Record the galvanometer deflection, 
and the voltage and current in the unknown lamp, as well as its distance from the cell. IMove the lamp away, 
and adjust for the reference deflection again, the other observer making the setting. Record this distance. 

Reduce the voltage at the unknown lamp by about 5 volts, and record this and the corresponding cur- 
rent. IVIove the lamp toward the photovoltaic cell until the galvanometer deflection once more reaches the 
same value as it had earlier. Record the new distance from the cell as obtained by each observer. Repeat 

in steps of about 5 volts until the lamp is about 20 cm from the cell. 

Remove the unknown lamp from the socket and insert the standard lamp. Note the candlepower of 
the standard lamp and the voltage at which it is calibrated; set this value by means of the voltmetei and 
rheostat. Record these values. Move the standard lamp until the deflection obtained on the galvanometer 
is the same as in the previous part of the experiment. Record this distance. Move the lamp, and adjust 
for the reference deflection again, the other observer making the setting. Record this value. 

Part III . Absor'ption Coefficient. Place the absorbing screen in its place between the standard lamp 
and the photovoltaic cell. Bring the standard lamp to within about 25 cm of the cell, and adjust its voltage 
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to some convenient value which gives a large deflection of the galvanometer. Record the voltage and posi- 
tion of the standard lamp and the deflection of the galvanometer. Move the lamp away and then readjust 
its position to obtain the same deflection on the galvanometer, the other observer making the adjustment. 
Record this value of r/' also. Move the lamp to the far end of its travel, and remove the absorbing screen. 
Adjust the position of the standard lamp to get the same galvanometer deflection. Repeat with the other 
observer making the adjustment. Record these values of Ts, Be sure the voltage at the lamp has not 
ehansed durinii these measurements. 

• fc_ ^ - 

Make a second trial, having changed the voltage of the lamp so that the distance r,' is 3 or 4 cm different 
from what it was in the first trial for the same galvanometer deflection. With the vernier caliper, measure 
the thickness. /, of the absorbing screen. 

A method which is more direct, but which assumes linearity of response of the photovoltaic cell-gal- 
vanometer system, is the following; set the standard lamp at such a distance from the photovoltaic cell as 
to give a large deflection, on the galvanometer. Record this deflection. Insert the absorbing screen 
between lamp and cell, and record the new galvanometer deflection, d. Since linearity of response is assumed, 
d = I and Eq. (o') may be applied directly to find A and hence a. Compare these results with those 

obtained from the method of the previous paragraphs. 


Methods A and B: Computatioiis. Efficiency. For each setting, find the mean value of the distances, 
compute the strength of the unknown lamp, its power consumption, and its efficiency in candlepower per 
watt. Write the determinate-error equation corresponding to Eq. (3^) and find the indeterminate error, 
given that the calibration of the standard lamp is accurate to within +3%. Obtain the indeterminate 
error in the efficiency. Plot the candlepower of the test lamp versus the power consumption. Plot the 

efficiency of the test lamp versus the voltage applied. 


Absorption. Find the values for the fraction of light absorbed from the data of each trial in this part, 
and compute the corresponding values of the absorption coefficient. Find the mean value of each, and 
compute the indeterminate error in the values for A and for a, noting that the determinate-error equation 

corresponding to Eq. (5) is 

(5a) 


Aa = — 


4 A 


a«umin<^ the error in / to be negligible. Under what circumstances would the use of this absorbing-screen 
technique be necessary? 


Record: Tabulate data and results. 


QUESTIONS 


infinitesimal thickness ds has 


1. Light of intensity 7 passing through an absorbing sheet of material of i 
its intensity reduced by an infinitesimal amount dl. It is found that 

dl — —dl dSy 

where . is the absorption coefficient of the material. By integrating this equation show that Eq. (4) is 

obtained. 


What conclusion can be drawn as to the most efficient 


2. Interpret the curves which you have drawn. 

condition under which to operate a lamp? 

3. tMrat limits the voltage at which it is profitable to run a lamp? 

powetofiirhutTii"^ 

lamp. (Hint; The standard lamp is used to calibrate this g ^ 
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Object: To study some of the eharacleristics of photoelectric cells. 

Apparatus: Light-tight box containing the following: light source (lamp bulb with concentrated fila- 
ment), photocell socket, provision for moving lamp bulb with respect to photocell, scale for measuring distance 
between light and cell, and filter holder; reflecting galvanometer; dial resistance box; potentiometer (200 
ohms or over) with switch; potentiometer (100 ohms) with switch; 4-volt storage battery; source of 115 volts 
d.c.; vacuum phototube 929; gas phototube 930; voltmeter (0 — 3 volts, d.c.); voltmeter (0 — 150 volts, 
d.c.) ; set of Wratten filters selected from list in Table Q, Appendix III. 


Theory: Certain metals emit electrons when light falls on their surfaces. This was first observed by 
Hertz in 1887 in his experiments on radio waves. He noted that a spark occurred across a spark gap in his 
receiver when ultraviolet light from his transmitter fell on the metal balls forming the gap. A year later 
Hallwachs was able to show that the spark occurred because the ultraviolet light caused the metals to emit 
negative electricity, aiding the spark to start. If such a sensitive metal surface is placed in an evacuated 
tube with a collector plate nearby, then completion of the circuit between emitter and collector outside the 
tube would permit the establishment of a current. In the conventional sense, this current is from collector 
to emitter inside the tube, but the electron current, of course, is from the emitter to the collector. If the 
collector is made positive with respect to the emitter, the current becomes larger with larger potential until 
pQij^t is reached beyond which no further increase of potential causes an increased current. The collector 
is now receiving all the electrons emitted b^^ the light-sensitive surface, the effect of space-charge having 
been overcome. (See Experiment 43 on the Vacuum Tube for information on this topic.) 

If the tube is filled with an inert gas at a low pressure instead of being evacuated, the current ys^ill level 
off as before as the potential increases but will begin to rise again at higher voltages between emitter and 
collector. In this case, the electrons being drawn over by the collector gam enough energy to ionize gas 
molecules, which are then drawn to the negative plate of the tube. This adds to the net current in the tube, 
although the photo-emission current is not increased. If this ion current becomes heavy enough, the light- 

sensitive surface may be destroyed by the bombardment of positive ions. 

The amount of electron current emitted by the light-sensitive surface varies directly with the intensity 

of illumination falling on it. This relation is exact over a very wide range of light intensities, from approxi- 
mately 0.0001 to 10,000 foot-candles. Apparent deviations from this linear relationship may be caused by 

proximity of the sensitive surface to the walls of the tube and by space charges. j i j 

The electron current also depends on the wave length of the light falling on the emitter, and the depend- 
ency is not in general a simple one. Different metals have different spectral distribution of preferred fre- 
quencies, and the emission rises to peaks at these light frequencies. For each metal, however, there is a 
maximum wave length of light beyond which no emission occurs regardless of intensity. This photoelectric 
threshold depends essentially on the work function of the material of the emitter. According to Einstein, 
the energy, e, of a photon of light is directly proportional to the frequency, r, of the light. This relation is 

given by tbe fundamental equation 

t = hv (ergs), (.1) 
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where h is Planek’s coiislant. An electron, to escape from a metal snrfaec, must olitain a 
amount of energy, the v)ork fvnclion of the metal. In order for light, therehire, to raiise f 
eleetrons from the surface, the fretjuency must he such that a phf»lou of light has m»»re <Ti<, 
to an electron than the value of the work function of the metal. .Vny excess energy af>pea! 

of the ejected electron. 

hv = v'o + hniv^, 
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where Wo is the work function of the metal. Only light above a certain minimum 
hence the existence of a photoelectric threshold. The thre.shold frefpiency is Oia 
to eject an electron with no kinetic energy. Thus the thre.shohl frequency, v^, is given 
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s.h! ^yffirirnt 
relal ion 


hvo = Wo 


3 V«* 
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The peaks of emission current occurring at different light frequcncie,s come about because m m n 
absorption; i.e., the sensitive surface is not black, and hence does not ab.sf>rb all wave lengths of light 
equal ease. Hence, some phototubes have peak outputs for light in the infrared region of the sp<T....„.. 

some in the ultraviolet, and some in the visible region. 

Method: Wire the circuit as indicated in Fig. 78-1, but do not connect the 115-voIt d.c. or the batlerteg 

T - .1 ■ 1 _ r 1 A A 1 ♦ li t 



1 ' 

1 . 11 * ^..;i flint Kv TTK^iins of the 100-ohm potentiometer iine rxmtrol 

until the instructor checks your circuit, ^ote that by means oi me luu u.mi i 

available to apply from -9 to +% volts to the jihotocell. >\ilh th# 
200-ohm potentiometer, any additional voltage from ^?ro t«> +1115 
volts is available with coarser control. The dial box R b set to 
the critical damping resistance of the reflecting galvanometert ap- 
proximately 300 ohms for a meter with about 100 ohm.s resbiiinee «ft4 
10“* amp/mm/m sensitivity. A reversing switch may lie 
in the voltmeter circuit for convenience in reading negative vciltef» 
When the circuit is connected, adjust the voltage to isero, and wth 
the photocell in total darkness, ailjust the galvanometer deieetwm to 
zero, or note its reading and make a corresponding zero correetomori 

all following readings. 


200/v 



photo-tube 



cathode anode 
(emitter) (collector) 


Fig. 78-1. 


Part /. Output rer.ins I nten.-fitp. Place the racuum 
in the socket, and adjust the dislanro between the pho 
light source to about 20 cm. Ailjust the voltage of the 
to obtain a large tlefleetion on the galvanometer ( nearly 
when the photocell voltage is 100 volts. 

distance of the light source and the galvanometer deflection. Increase the dipanee betw^n 
and light source by an amount equal to about one-eighth the total motion available, anc _ 
source voltage the same as before, record the new distance from the 

orthe galvalmeter. Repeat at similar distance increments until the plu>toeell and light source are 

* 

“’’“DTcrt” . »din.sl .1.0 photocell to 40 volt,, .nd rope., iho 

procedure udlh the gius pludocell ' „[ ,hr ,qu.re of the distance between 

For each tube, plot galvanoinetei de c - outnut values of the photocells are directly 

cell and light source. The plots should be straight lines il the output %aiues oi i 

proportioiuil to liglit inlciisil\ . 








. , , • i- \v:*i, <Tn« photocell in place and with the HgB*; 

Part II. Photocell Curreut-Voltage Charactero-<Uce. 55 it t g. ■ t h ^ ^ ^ 

source in some n.edium position and at the Irnghtncss used u, 1 . rt 1. set thcj.ho. 

and read and record the fndvanonielcr deflection (pro ... i . voltage. Take further re«linp 

voltage up to pins -i volts lecoidtug ^ i, ,he galvanom^ 

remains on scale, increasing the voltage cauliousl.v w hile watching the gall anon 
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voltage to —2 volts, and replace the gas phototube with the vacuum phototube. Take readings as before, 
each 0.4 volt between 2 and +2 volts. Take further readings at the following voltages: 3, 5, 7, 10, 15, 
20, 30, 50, 100. 

Plot galvanometer deflections versus phototube voltage for each cell. Discuss each section of each 
curve in terms of the theoretical aspects involved. 

Part III. Spectral Distributioji of Response. Move the light source as far from the photocell as the 
apparatus permits, and adjust it to its rated voltage. With the vacuum phototube in place, and with 100 
volts applied to it, note the galvanometer deflection. Adjust the distance of the light source until the gal- 
vanometer registers nearly full-scale deflection. Insert one of the Wratten filters between the light source 
and the phototube and note the galvanometer deflection. Repeat with each filter in turn, recording the 
deflection for each filter. 

In order to get a satisfactory measure of phototube response to light of different wave lengths, it is 
necessary to correct the galvanometer deflections at the various wave lengths for certain frequency-dependent 
factors which affect the photo output. These factors are (1) the spectral intensity distribution of the light 
emitted by the source, (2) the width of the band of wave lengths transmitted by the filter, and (3) the trans- 
mission coefficients of the filter at these wave lengths. To make such a correction it is only necessary to 
divide each galvanometer deflection by a factor which standardizes the deflection to a value it would have 
if the following were true: (1) intensity distribution of light uniform over the spectrum, (2) transmission 
band widths of all filters the same, and (3) transmission coefficients of all filters the same. These stand- 
ardized deflections are then proportional to the spectral sensitivities of the tube at the corresponding wave 

lengths. 

Refer to Table Q, Appendix III, and record the wave lengths and standardizing factors for the filters 
used. Standardize your galvanometer deflections and plot the standardized deflections against the wave 
lengths. Discuss the implications of the resulting curve. From the curve, determine the approximate 
cutoff wave length, and from it determine the work function of the emitter surface in electron volts. (See 
Table L, Appendix III, for values of constants and energy conversion factors.) 


Record: Record data and results in tabular form. 
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Appendix II. 


Notes on Equipment 



A, The Vernier 


1. I he vernier is a conv^enient attachment for determining accurately a fraction of the finest division 
on the main scale of a measuring instrument. A portion of a typical main scale of an instrument without a 
vernier is shown in Fig. A-1. Usually the main scale is fixed in some manner and a sliding index indicates 
the position on the scale corresponding to the measurement in question. 

In Fig. A-1, the finest division on the main scale is one-tenth of a centimeter, and by the position of the 
index it is known that the measurement in question is between 2.3 and 2.4 cm. We can estimate the fraction 
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I I I I i I I I 


J I 


(main scale) 
j_ 1 I I I 


3 


III! 


cm. 

I .1 i.-i.. 


(index) 

Fig. A-1. 

of the division to be seven-tenths so that the measurement is 2.37 cm, with the first decimal place known 
accurately and the second one estimated. 

The vernier scale is an auxiliary to the main scale, and its divisions are different from those of the main 
scale but related to them in a simple manner. The zero mark of the vernier scale takes the place of the 
simple index in the illustration above. However, by the use of the vernier scale, the fraction of the smallest 
division on the main scale can be read accurately. 

In Fig. A-2 is shown the same main scale as in Fig. xV-1 with the sliding index now replaced by a vernier 
scale. Note that the same measurement (2.37 cm) is indicated. 
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Fig. .\.2. 


In the case of a centimeter scale such as the one shown, the most convenient fraction of the smallest 
division of the main scale is a tenth. In order to make such a measurement, the vernier scale is so gradu- 
ated that ten of its divisions correspond exactly to nine of the main scale divisions. That is to say, each 
vernier division is only nine-tenths as long as a main scale division. In Fig. A-3 we see the vernier with 
its number-one mark exactly corresponding to a mark on the main scale (in this case the 2.8-cm mark). 
Since the vernier division is only nine-tenths as long as a main division, the vernier’s index must be 
one-tenth of a main division to the right of the 2.7-cm mark on the main scale. Remembering that 
the vernier index shows the actual measurement, this reading must, therefore, be 2.71 cm. 
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Now if the sliding vernier were moved another tenth of a main division to the right, the vernier’s number 
tiro mark would be exactly opposite a mark on the main scale. {Which mark on the main scale, of course, 
does not matter, since it is the position of the vernier index which gives the reading.) This means now that 
the vernier index is exactly two-tenths of a main scale division to the right of the 2.7-cm mark on the main 
scale. The actual reading, therefore, is now 2.72 cm. 


1 


(main scale) 


3 


(vernier) 


cm. 

1 L. 


Fig, A-3, 


Now the difference in length between a main division and a vernier division is called the least count 
of the vernier. In the case just studied the least count was 0.01 cm. It is also clear that the closest measure- 
vient that can he made accurately (coincidence of a vernier line and a main line) is just the least count. We have 
seen that when the number-one mark of the vernier is exactly opposite a mark on the main scale the vernier 
index is a distance equal to the least count to the right of the next lower main scale mark; when the number- 
two mark of the vernier coincides with a main scale mark the index has moved two times the least count; 
and so on. Thus, by noting which vernier line coincides with a main scale mark we know immediately what 
fraction of a main division the vernier index has moved. 

Now, looking back at Fig. A-2, which shows the same reading as Fig. A-1, we can read accurately that 
the measurement is 2.37 cm where now the last figure is read directly, not estimated. 

2. Vernier Caliper. In Fig. A-4 is shown an ordinary vernier caliper, measuring the diameter of a 
cylinder which is placed between the jaws of the caliper. The left-hand jaw is fixed to the main scale (a) 



Fig. A-4. 


am 


and is perpendicular to it. The right-hand jaw is parallel to the left-hand jaw, but can slide along the i 

scale and carries with it the vernier scale (b). , • -.i, 

^Tien the two jaws touch each other, the index of the vernier scale should be exactly coincident mtn 
the zero mark on the main scale. The two upper jaws are for measuring inside dimensions of a cavity, while 

the protruding shaft at the right is for measuring the depth of holes. 

3. Zero Error. The actual dimension of an object will be the difference in readings when it is measured 
and when the calipers are closed. Ideally the caliper will read exactly zero when closed; if it does not t ere 
is a zero error which must be taken into account. This zero error will, of course, be the same for all measure- 
ments and must be subtracted from all readings. If, with the jaws closed, the reading is positive, the zero 

error is said to be positive. 

4. Angular Measurement. The verniers used on instruments which measure ^ 

the same manner as the one described above. A common mam scale on a spectrometer is one w 

marked every third of a degree. The vernier scale may run from minus 

on the main scale. That is to say, 40 vernier divisions equal 39 mam divisions, so the least count / 
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Since each main scale division is 20^ of arc, each vernier mark will then indicate l/40th of this or • Thus 
the vernier will read directly in minutes and half minutes if it is numbered from zero to 20. The negative 
2^ are for convenience. Note that the vernier reading must be added to the reading of its index. That is, if 
the index shows 65° 20^ plus, and the vernier shows 12-^\ the measurement is 65° 32^ . 

B. The Micrometer 

1. In its simplest form, the micrometer is simply a screw, very accurately made so as to be uniform along 
its entire length, moving in a fixed nut. The pitch of the screw is known, and the head of the screw moves 
forward by the amount of this pitch for one complete revolution. A scale is attached to the screw like a 
wheel to an axle, and by means of it the fraction of a revolution can be measured. (See Fig. A-5.) For 



Fig. A-5. 

instance, if the scale is divided into 100 parts, then turning the screw and the scale through one such part 
will advance the screw 0.01 of its pitch. A fixed scale is usually mounted on the nut in which the micrometer 
screw turns* to count the number of whole revolutions. The moving scale is called the “micrometer head/’ 

2. Micrometer Caliper (Fig. A-6). The micrometer caliper is a modification of the simple micrometer 
principle. The fixed nut and scale are part of the frame F. The knurled knobs K and K' and the moving 







K 


K 


A-6. 
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^cale H are mounted on the accurate screw. The pitch of the screw in the better calipers is ^ mm. That 

is, one complete turn of K will advance the point P of the screw half a millimeter toward the anvil A, which 
is a part of the frame, and may or may not be adjustable. 

On a micrometer with this pitch, the movable scale H is divided into 50 parts, so that each part repre- 
sents l/50th of i mm, or 0.01 mm. In other words, in two complete turns, the moving scale turns past 
100 di\ isions. and advances the screw 1 mm. To indicate half a millimeter (one turn) the fixed scale iS has 
alternate marks set below the full millimeter marks. See the sketch Fig. A-7. In this sketch the movable 



scale has turned beyond a half-millimeter mark. The reading (remembering to estimate one-tenth of the 
smallest scale division) is 6.727 mm. 

The zero error must be subtracted from the reading made with the calipers. This error is determined 
by closing the caliper — bringing the point P of the screw in contact with the anvil A '. If the reading of the 
scales is positive, the zero error is positive. 

In making any measurements, the knob K' is to be used so as not to force the instrument. This knob 
will continue to turn after the screw stops, with a little friction or with the clicking of a ratchet. Closing 
the jaws on the measured object gently until this point is reached will ensure the same force being applied 
at each measurement, and prevent damage to the screw and jaws. The object measured should be held 
loosely so that it will be able to align itself perpendicularly to the jaws. 

C. The Traveling Microscope 


The traveling, or micrometer, microscope is used to measure short distances with accuracy. It con- 
sists of a low-power microscope mounted on a moving chassis which slides along a carefully constructed 
track. See Fig. A-8. The sliding motion is produced by a micrometer-screw arrangement. (See the 

preceding section. Appendix II-B.) 

In the usual case the pitch of the thread is | mm, and the movable scale (the “micrometer head”) has 
100 divisions. Thus to move the microscope a full millimeter, the head must be turned twice, or past 200 
divisions. This imposes special care on the user, since each division has a value of l/200th of a millimeter; 
it means that the reading on the micrometer head must be divided by 2 to get the motion in hundredths 
of a millimeter. The index mark M will indicate on a fixed scale the travel in full millimeters, and its posi- 
tion must be noted carefully to find whether the micrometer head is in the first or second turn of the milli- 
meter in question. The reading of the index in Fig. A-9 is 14.5 plus. The micrometer head indicates 63.3 % 
of a revolution, or 31.65 hundredths of a millimeter. The index shows the head to be in the second revolu- 
tion, so our reading, upon adding the two figures, is 14.8165 mm. . . . 

The main precaution to be taken in using this instrument concerns lost motion. The screw is purpose y 

cut so that there is some free play in the instrument. It will be noticed that the micrometer head may be 
turned back and forth through several divisions without causing any motion of the chassis. 
therefore that readings must always be taken with the screw turning in the same direction, mother th 
is to be clockwise or counter-clockwise is decided by noticing which direction gives the closest check on zero, 
is TZ. when the micrometer head is on zero, the index M should be exactly on a hne or halfway 
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between two lines of the fixed scale. In taking a reading, if the screw is accidentally turned too far, back 
it off about a turn, and then approach the setting from the same side as before. 


X 



Fig. A-8. 



Do not handle the micrometer head H, but always turn the screw by means of the knurled knob K. 
In using the microscope, the eyepiece E (Fig. A-8) must first be adjusted so that a sharp image of the 
cross hairs will be formed. Then the main tube T must be moved up and down (moving the whole micro- 
scope^ until the point under observation is in good focus. This can be checked by seeing whether there is 
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any parallax, that is, whether the cross hairs seem to move with respect to the image when the eye is moved 
from side to side. If such parallax is found, it must be eliminated by further adjustment of the eyepiece, 
and by refocusing the microscope. See Note F. 


D. The Mercury Barometer 


The mercury in the mercury barometer partially fills an evacuated glass tube and a reservoir which is 
open to the air. The atmospheric pressure is balanced by the column of mercury, and the height of this 
column is, of course, measured from the surface of the mercury in the reservoir. This surface must be 
brought to a fixed known height in order for the calibration of the column to be accurate. To do this, a 
small ivory pointer is provided above the mercury surface in the reservoir, and an adjusting screw, located 
below the reservoir, will raise or lower the mercury in the reservoir. 

To use the barometer, first turn this adjusting screw until the surface of the mercury is just at the level 
of the tip of the ivory pointer. This has been accomplished when the point and its image in the mercury 
appear just to touch each other. Then stand with the eye just at the level of the top of the mercury column 
and adjust the movable tube surrounding the column by means of the knob at the right-hand side of the 
barometer, until the bottom of the tube is just at the level of the meniscus of the mercury; that is, until light 
from behind the barometer is just shut off by the tube’s edges coming to the level of the mercury. A vernier 
attached to this moving tube will then allow the height to be read to the twentieth of a millimeter. 

For accurate work, the effect of temperature on the density of mercury and on the length of the scale 
must be taken into account. To reduce the readings as obtained by the above directions to standard con- 
ditions (the barometer is calibrated at 0°C) use Table F in Appendix III. 


E. The Laboratory Timer 


The laboratory timer in use at the Physics Department of the University of Minnesota is controlled 
by a synchronous electric motor which drives a set of contacts. In the laboratory is a telegraph sounder 
which clicks each 30 sec. A warning, which starts 2 sec before each click, is given by a light which flashes 
at half-second intervals, the fifth flash coinciding with the click. The accuracy of the system, it should be 
noted, depends only on the frequency control of the electric power. The error is probably less than 0.05%. 


F. Parallax 


This phenomenon is defined as the apparent displacement of one body with respect to another when the 
position of the observer is changed. As an example, two pencils may be held at arm’s length m line with one 
eye but with one pencil a few inches behind the other. Hold one with the point up, and the other above an 
behind it with the point down. Without moving the pencils, move the head from side to side. The pencils 
appear to shift with respect to each other, but as they are brought closer together the shift becomes less 
pronounced, until when one is actually above the other, they will continue to appear so regardless of the angle 

from which viewed. , ... . , . .v ^ 

Parallax may be put to use in reading instruments like electric meters m which a pointer indicates the 

reading by means of a dial. Since the pointer is a certain distance above the dial, the reading obtame^ 

depends on the angle of observation. The correct reading will be the one obtained when the line o s g 

naLs through the pointer perpendicular to the plane of the dial. Some dials are equipped with mirrors. 

The perpendicular line is then easy to 

that U tVip nointer annears to be directly above its image, and covers it. 

In’ optilLl instruments parallax may be used to determine when two images a™ m rte ^ 

when a set of cross hairs is accurately placed in the plane of an image. A motion of the head bac 

should not produce any relative motion of the two images. 
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C, Electrical Circuit Elements 



Standard tymboU for the various elements encountered in electric circuits are given in the table below: 
Con necting wire ( negligihle resistance) 


Resistance (fixe^l) . 
Variable resistance 


R 

AAAAA 


(Note: Symbol “Q** stands for “ohms.”) 


Uwo terminals) such as a dial box. . . 



Rheostat or potentiometer (three terminals) 



Capacitance (fixe^l) 

Cafiacitance (variable) 

Inductance 

Inductance (iron core) or choke 



jf ti 0 ^518" ^ 


Transformer (or mutual inductance) 

Transformer (iron core) 

Autotransformer 

Voltaic cell 

Battery (two or more cells in series) 

Fuse 

Switch [single-pole single-throw (SPST)] . . . 

Switch [double-pole double-throw (DPI>T)1 
Tap key (SPST momentary contact) ..... 

Galvanometer 

Ammeter 












MillLammeter 
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^ aciuim tiibes ; 

DIODE 





triode tetrode 



PENTODE 

plote 


suppressor grid 
screen grid 


control grid 


cathode 



heater 



Voltmeter 



Wattmeter 



Symbols used in vacuum-tube circuits are given in the following explanation and table. 

a. In plate circuits the subscripts & and j, are used; in grid circuits the proper subscripts are c and g. 

b. Subscripts h and c indicate total instantaneous values of varying quantities. Subscripts p and g 
indicate instantaneous values of their alternating components. See the following table and figure: 


Plate supply voltage 

Filament or heater voltage 

Instantaneous total grid voltage 

Instantaneous total plate voltage . . . 

Instantaneous total plate current 

Quiescent (d-c) value of plate voltage. 

Quiescent (d-c) value of plate current 

Average (bias) value of grid voltage 

Instantaneous value of alternating component of grid voltage . . . . 
Instantaneous value of alternating component of plate voltage. . . 
Instantaneous value of alternating component of plate current. . . 
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Amplification factor of tube ( = — — I 

dej ^ 

Plate resistance of tube ( = — ) « 

dll,/ 

Control-grid, plate transcondiictance i = — | n 

\ dec) 

Plate resistor (load resistor) 

Net d-c resistance of external plate circuit 

Net impedance of external plate circuit 2 * 

Resistance Boxes. A resistance box is a two-terminal variable resistance so designed that any desired 
known noninductive resistance may be introduced into the circuit of which it is a part. In the dial-type box, 
se\ eral dials are arranged in decades so that internal switches select the desired resistance. For example, 
one dial may select any number of thousands of ohms from one to nine. The next any number of hundreds 
of ohms from one to nine; the next any number of tens of ohms, and the fourth any number of ohms from one 
to nine. Thus by manipulating all four dials, any value from 1 to 9999 ohms may be set to the nearest ohm. 

In the plug- type box, resistance is inserted by reynoving a plug which, when in place, short-circuits the 
resistance. The plugs must, therefore, be kept clean, and when removed from the box, placed on a clean 

sheet of paper. They are inserted with a clockwise motion and with only slight pressure. When a slight 
resistance to turning is felt a good contact has been obtained. 

In either type, each coil is constructed so that it can dissipate i watt safely. This rated capacity of 0.^5 
watt must not be exceeded since overheating a coil may change its resistance permanently. 

p = r-n -so ; = 

A 10-ohm coil can carry 0.16 amp; a 100-ohm coil, 0.050 amp; a 1000-ohm coil, 0.016 amp. 

Most resistance boxes contain coils of manganin resistance wdre, the resistivity of wdiich does not change 

appreciably wdth small changes of temperature. The accuracy of such a resistance standard mav be taken 
as iO.25%. 


3. Rheostats. A rheostat usually consists of a solenoid of bare resistance w*ire w^ound on an insulating 
cylinder. A sliding contact introduces more or less of the resistance into the circuit, and thus controls the 
current of the circuit. Rheostats are able to dissipate a certain amount of pow’er in the form of heat, and 
thus, like resistance boxes, have maximum current values. Those in use in the laboratory may be mounted 
on wooden bases, at the end of which is stamped the total resistance and the maximum allowable current. 
The rheostat W’^ill be too hot to touch at currents considerably under this maximum value. 


Potentiometers are rheostats connected so that the entire resistance is in the circuit containing the main 

current. The slider then is able to tap off any traction of the voltage drop across the resistance. See also 

Experiment 37. In small potentiometers the solenoid is often bent into a toroidal shape (doughnut) so that 

the slider may be mounted on a shaft, tapping off a voltage proportional to the angle of rotation if the wdnd- 
ing is uniform. 


4. Condensers. The simplest form of a condenser is a pair of metal plates facing each other. The 

capacitance of such a condenser varies directly wdth the area of the plates and inversely with the distance 

separating them. It also varies directly w ith the dielectric constant of the material separating the plates. 
The relation may be written in the form 


C cc 




where K — dielectric constant (=1 for air), 

A = area of each plate, and 
d = distance separating the plates. 

The capacitance of such a pair of plates of any convenient size is very small, and is totally inadequate for 
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■ '■ elect yii'.il j^urpe^os. way of increasing the capacitance is to form a stack of plates connecting every 

- pl .tc t.'gcthcr. an<l having a sheet of dielectric between each pair of adjacent plates (Fig. A-10). 
c l.c- w.iv is *.'■ laako the sheets of dielectric thinner, decreasing d. This cannot be carried too far, how- 
ever. sinee if the dielectric becomes too thin, it becomes mechanically weak; it also may 
l>reak down when even reasonable voltages are applied between the plates. 

For some purposes, air is used as the dielectric. An example of this is the tuning 
. ondenser of a radio, the capacitance of which is smoothly varied by interleafing one set 
.if jilales to any arbitrary extent with a fixed set of plates. A dielectric with useful 
priijn rties of high resistance to voltage breakdown and stable value of K is mica. A 
stack of j.lates such as described in the preceding paragraph using mica as the dielectric 
is the usual form of a stmidard condenser. This type is still too bulky for most purposes, 

• 1 * V.e ?..: •! pi ito' are rei'laeed by a long ribbon of aluminum foil, and the stiff mica by a strip of oil-impreg- 
. :,,uHr. r>inc two strips of foil and two strips of paper and then rolling the four strips tightly into a 
,- 11 , ; tub\ilar paper condenser, in which each portion of one foil is adjacent to two equal portions of 
: :.e .yher f. il. .-no abeve it and one below it. In the laboratory, such a paper condenser has been rolled into a 

« iri. 'vi, ,t form, and the whole is encased in a metal container. 

, a ■- ; y pc which may be mentioned is the electrolytic condenser. In this type the metal of one plate 

~ r. bv tliin film, only a few molecules thick, of its own oxide, and the other “plate” of thecon- 

•. J r c.a elect rolvte which makes intimate contact with the oxide film. Thus the distance d between the 

^ - ^.^oet'dingly small, and filled with a material of high dielectric constant; a very high capacitance 
> t l.eref- re p. .S'ible in a limited volume. Such a condenser is polarized. The oxide film will stand consider- 
il.le vi.h.tce in one direction; however, placing even a small voltage of incorrect polarity on the plates will 

tr-.v the Coating and render the condenser useless. 




i » ; I ' * 


voltage 

source 


output 

voltage 


Fig. A-11. 


5 ‘ranstnrmer. The voltage drop across an ordinary inductance is uniform from turn to turn of 

th. roil if tlu- mil winding itself is uniform and if the coil has an iron core. A sliding contact will tap oil 
tr.icti..r. of the total voltage drop proportional to the number of turns it is from a reference turn, and thus 
’,. ri'.rm> the same function as the sliding contact on a potentiometer. An 
..uo.tr.iny’ .rroer often uses as a reference the first turn of the winding. ” ^ ' 
n the voltace source may be connected at points short of the en s o t e 
^vin.iinc. Ily transformer action, the sliding contact may tap off a voltage 
s:r. ..ter than that of the voltage source. A typical aulotransformer connection 

in I' A-ll- , , , 

Since this instrument is a transformer in every sense of the word (althoug 
if differ..^ from the ordinal^- transformer in that it has only one winding) it wi , 
ni course, operate only on alternating current. Connecting it to a d-c source 
whose emf is higher than a very small fraction of the rated a-c voltage will cause 

exces.^'ive c\irrent, burning out the winding. 

OH., These eells tureish, through ehem^al “f »“■ 

iheor,' ot these eells IS covered in short periods of time. For larger cur- 

lalxjratory where only small curre ( _ P r.„rrents uo to about 15 amp for short periods, or 

rent demands, storage cells are used. urnis • - type of cell is the standard cell. This 

1 or i amp for relatively long periods. - ir '"^However, it must not be used to deliver any appreci- 

tyjK- is constructed so as to have a very constant standard cells in the laboratory, consequently, maybe 

able current-no more than a few microamperes Th^f However, the current that can 

equip, led with internal series ^ having low resistances across the terminals for any 

still be drawn by short circuiting the teim ^ the Ltent that its emf changes greatly, and several 

length of lime exceeding a few seconds ^ should not be called upon to furnish even enough 

1“^;:'! r"."vXHe“ No'u H. Section g); ueeee cuff upon « .» 

{f*r a few seconds. 
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7. Svntches, A SPST switch is used to interrupt or to complete a single branch of a circuit. A double 
pole single-throw (DPST) switch simultaneously performs the same operation 
in two branches of the circuit. The DPDT switch may be used to select either 
of two circuit elements for inclusion in the main circuit. It can also be used 
as a reversing swxtchy changing the direction of the current in any portion of a 
circuit. The alternate corner contacts of the switch are connected electrically 
as shown in Fig. A- 12, so that with the blades to the right, the current through 
the motor is as shown by the arrow. With the blades to the left, the flow is 
opposite to that indicated. 



Fig. A-.12, 


H, Galvanometers 


1. General Notes, A galvanometer is an instrument designed to detect small electric currents. The 
small portable type used in the general physics laboratory will deflect one (small) division with a current of 
approximately 0.00002 amp (20 txa). The wall galvanometer, or reflecting galvanometer, is considerably 
more sensitive, and one type in common use will deflect one division (1 mm) with a current of about 0.02 /Lta, and 
thus on this basis is 1000 times as sensitive as the portable or table type. An idea of the magnitude of this 
current is obtained with the realization that an ordinary 100-watt lamp bulb uses about 1 amp — one hundred 


PERMANENT 

MAGNET 



Fig. A-13a. Fig. A-13b. 


million times the current detectable on the wall galvanometer. Other galvanometers may be designed for 
different uses ranging to sensitivities 1000 times greater than that of the wall galvanometer. The amount 
of current necessary to deflect the galvanometer one scale division is called the current sensitivity . Other 
types of sensitivity may also be defined, such as voltage sensitivity or charge sensitivity. 

Most galvanometers consist essentially of a coil of wire suspended in a stationary magnetic field (the 
d’Arsonval movement). See Fig. A-13. The interaction of this field with the field produced by a current 
in the wire causes the coil to turn in the stationary field. Since the field produced by the current in the 
wire is proportional to the current, the stationary field is designed to have a constant value regardless of the 
angular position of the coil in order that the deflecting torque be proportional to the current. A cylinder 
of soft iron (Core of Fig. A-13) is mounted at the center of the coil, and the pole pieces are often curved, to 
produce a radial field (Fig. A-14) which for relatively large deflections of the coil is constant in value. The 
coil is mounted in such a way that as it turns it twists a spring or suspension; it will turn, therefore, until 
the torque caused by the current will just be balanced by the restoring torque of the spring or suspension. 
The coil may be pivoted in jeweled bearings, or it may be suspended by a fine wire or ribbon which also 
serves to conduct the current to the coil, by the very nature of these sensitive detectors, their 
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i TION 1> nvi 1( ATK. AND CARE MUST BE TAKEN TO LIMIT THE CURRENT IN THEM TO AN AMOUNT NOT 
. N-.: H ANTi.Y iT^rKKuiNi; THAT NEEDED FOR FULL SCALE DEFLECTION. An excess Current can injure the 
' 'trunier.t in one or of two ways: the wire of the coil or the suspensions may be melted (“burned out”) 
r tile motor may dolloot with Eircat violence, injuring the moving parts. 
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Fiji. A-14a. 
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Fig. A- 14b. 


•2. The Table Calroiumietcr. The coil of the portable galvanometer is mounted to pivot in jeweled bear- 
( \irrent is led into and out of tlie coil through springs coiled at the bearings. These springs also serve 
t'» return the galvanometer to zero when the current ceases. A pointer is attached to the coil, and indicates 
its |Hi>iti«in hy means of a dial (Fig. A-13b). The zero of this type of galvanometer is usually in the center 
the scale > • that currents in either direction may be measured. The scale, it should be noted, is not 
U'-u.iily calibrate*! in terms of any standard units but is divided uniformly so that the scale reading is pro- 
jwriinnal to the *le flee ting current. 

S^»me talkie galvanometers are equipped with internal shunts so that only a portion of the total current 
pas>es thr'«ui:h the movable coil, thus reducing the sensitivity of the meter. A switch selects either the 
re^hicerl sensitivity or the full (‘"high ') .sensitivity of which the meter is capable. In circuits using 

calvanomottT> as nulhindicators (that is, to indicate when the current in the galvanometer branch of the 
circuit has l>c( n re<hiced to zero) the initial readings should always be taken using the low sensitivity to 
cuard a^Minst probable overloads. When the circuit has been adjusted to the desired null condition as 
nearly as possible using the low sensitivity, the high sensitivity may be used for the final adjustment. 



Fig. A-15. 


3. The Reflecting Galvanometer. The moving element of this type of galvanometer consists of a rec 
tangular coil wound on a light frame and suspended by a fine wire or ribbon of gold or of phosphor 
which also furnishes the restoring tprque to the coil. Moreover the suspension serves as one curren ea 
to the coil, while the other lead consists of a very light wire helix attached to the lower en o t e coi . 
small mirror is fastened to the top of the coil, and turns with it, reflecting an unage of a scale into a e 

Itnled wiU. the «... before the „irr„r. See Fig. A-,3. and Fig. A-15. ThU use of 
in effect to attaching to the coil a weightless pointer whose length is twice the distance betwee 
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everywhere trnl ^'^e usually slight errors in the position of the zero, and in addition, the field is not 

nf ar\A * ^ j-i. ^ rcsultiug crrors can usually be minimized by taking the deflection to each side 

ot zero and using the average value. 

for whirti +Vi‘ ^ Complete adjustment of the reflecting galvanometer is beyond the scope of the courses 
attemrit A ^ IS esigned. Leveling the instrument and adjusting the suspension should not be 

STTMPTi^ TTTT UTMOST IMPORTANCE, THEREFORE, NOT TO MOVE THE GALVANOMETER IN ANY MANNER, 

nf fhtx probably THROW IT OUT OF LEVEL AND PREVENT IT FROM FUNCTIONING PROPERLY. If One 

Of these adjustments is at fault, the assistance of the instructor should be obtained. 

rpi , , ^ escope Rud scale are usually clamped to a rod which is attached adjustably to the galvanometer. 

mrk A ' to be adjusted to suit the individual eye. To do this, the eyepiece E should be 

, . a position too far out until the cross hairs of the telescope appear in sharp focus. Then the 

e escope is aime irectly at the mirror. Unless it is badly out of adjustment, the scale should now appear, 
d It IS now possible to slide the second tube in the third tube from a position too far out until the image 
ot the scale is seen most distinctly. If the scale is too high or too low in the field when the mirror is in the 
cen er ot the held, raise or lower the scale arm by means of the screw S. The cross hairs should be in the 
p ane ot the linage, that is, free from parallax. See Note F of this Appendix. If parallax is present, the 

eyepiece should be readjusted, necessitating a readjustment of the focusing. The scale may be moved with 
respect to the supporting rod to adjust the position of the zero mark. 

'Th f '^^ich does not respond to the above treatment requires the attention of the instructor. 

e o owing notes are important in avoiding eyestrain and obtaining a clear image: observations should 
a ways be taken with both eyes open; if necessary, cover one eye with the hand. The scale should be well 

Illuminated. It should be noted that light from behind the observer may be reflected from the glass face 
of the galvanometer, obscuring the scale image. 

Damping. When the coil turns in the magnetic field, it acts as a generator. If the terminals are short- 

cuited, a current proportional to the angular velocity will be generated, setting up a magnetic field which 

reacts with the stationary field m such a way as to oppose the motion. Thus instead of allowing the coil 

to oscillate after each reading, it is possible to bring it to rest at the zero point by use of a damping key which 
short-circuits the coil. ^ ^ 

4i. The Ballxstw Galvanometer. For many purposes the reflecting galvanometer as described in the 
preceding section may be used as a ballistic galvanometer, that is, to measure a charge passed rapidly through 
ih Accuracy here depends on the moving coil having a relatively large moment of inertia, so that all the 
charge has passed through the coil before it has been able to move appreciably. The coil receives an impul- 
sive torque from the passage of the charge and the resulting swing or throw is proportional to the amount 
of the charge: 


Q = KD 

where D is the deflection in millimeters, and Q is the charge in coulombs 
or coulomb sensitivity (coulombs per millimeter) of the galvanometer. 


( 2 ) 

K is called the ballistic constant 


5. The Ayrton Shunt. Referring to Note J, Section 2, on The Ammeter, it is seen that by connecting a 
simple shunt across a galvanometer the instrument can be made to measure currents larger than its full- 
scale current. The shunt and the galvanometer form two branches of a divided circuit, the current in only 
one branch of which is measured. This current being known, the total current in the external circuit can 
be computed. For a galvanometer with any shunt, a portion of the total current I passes through the gal- 
vanometer. If this portion is denoted by the current passing through the shunt S is I — I . The 
potential drop across the galvanometer being equal to that across the shunt, we may write 

I,R„ = (/ - I,)S. 

Thus for a measured current Ig, the total current is given by 

_ 7 Ro + S 


I = I 


0 


S 


( 3 ) 
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1 lio factor R; S' S by which the current measured by the galvanometer must be multiplied to obtain 
the total current in the main circuit is called the niulii plying factor of the shunt. In order to have this factor 

l>e a convenient number such as a power of ten, the value of S must be care- 
fully adjusted in its relation to the resistance of the galvanometer as shown in 
Note J, Section on the ammeter. The multiplying factor of this shunt will 
be a convenient number only for the galvanometer for which it was designed. 

Further, such a shunt will be useful only for current-measurement work, 
since in ballistic work, different shunts will damp the galvanometer diflFerent 
amounts, and thus not allow deflections proportional to the nominal multi- 
plying factor. The Ayrton or universal shunt overcomes both of the afore- 
mentioned difficulties. In Fig. .4-16 is shown the arrangement of the Ayrton 
shunt. A resistance R is connected permanently across the galvanometer, and 
one end of this combination is attached to the external circuit. The other lead 
of the external circuit is connected at will to points on R which are usually 
distant /?, 0.1/?, 0.01/?, and 0.001/? from the fixed external circuit lead. This 
distance corresponds to the shunt S of the simple shunt circuit previously dis- 
cussed. The remainder of the resistance, /? — S, is effectively in series with 
Fig. V-16. galvanometer resistance, Rg, so far as the external circuit is concerned. 

With such an arrangement, a current Ig in the galvanometer indicates an external total current 

(/?, + /? - S) + S 



I = I 


s 


= / 


Rg + R 

S 


(4) 


since Rg in Exj. (3) is now effectively Rg -h /? — In this form of shunt, therefore, the multiplying factor 
varies inversely as 6' since the numerator remains constant even with varying S. For this reason the Ayrton 
shunt mav be used with any galvanometer; i.e., the multiplying factors will have the same ratios with respect 
to maximum sensitivity (when S = R) for any galvanometer; the numbers 1, 0.1, 0.01, and 0.001 on the shunt 

box indicate the relatire values of I, for the same current I in the main line. 

It is to be noted that the figure 1 docs not indicate that 100% of the external current is activating the 

galvanometer. In this position the galvanometer is shunted by R. For an R of 10,000 ohms connected 
to a galvanometer whose R, = 100 ohms, the position 1 means that 0.99 of the current in the mam circuit 
is in the galvanometer, or that the multiplying factor is 1.01. Position 0.1 gives a multiplying factor of 
0.101, or one-tenth the sensitivity, and so forth. If the galvanometer is to be used with its Ayrton shunt 
a good deal, it is advisable to avoid using such multiplication factors by calibrating the plvanometer wife 
thr iurton shunt in place and with the setting unity. In this way the multiplying factors for different shunt 
settings with the new sensitivity are simply those shown on the shunt box. In any event, if B is much ^eater 
than Se galvanometer resisUnce, most of the galvanometer sensitivity is realized. This is usually the 
case If « is too small for the galvanometer employed, not only is the maximum sensitivity decreased, 
but the moving coil of the galvanometer may be too heavily damped, and therefore sluggish m action. 

In addition to the advantage of definite current division, the Ayrton shunt has the capabi ity of accu- 
ratelv dtidlrchargl in openlrcuit ballistic work. This is particularly useful when capacities of con- 
densers are being compared by means of the ballistic galvanometer. The damping of the galvanometer is 
• I A t t rh.. BPltinff of the shunt, since the resistance across it is at all times equal to R. This, how- 
IverHr not in the cL of a low-resiat.nce line, which damps the galvanometer differently for different 

.settles of the shunt. a vrlnn shunt from a resistance box of the traveling plug type. The resist- 

ance^ m^t^lo^Lrrrqual \he critical damping value for the galvanometer, rendering the instrument . 

of fhe ahnnt. and thus tha shunt is not applicable to such circuits without a knowledge 
of the resistance of the circuit involved. 
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e resistances in an Ayrton shunt of 10,000 ohms total resistance are given in the following table 


Setting of Shunt 

Value of S, Ohms 

0 

0 

0.001 

10 

0.01 

100 

0.1 

1000 

1 

10,000 

infinity 

infinity 


J. Meters 

.1 ®f^^cture of many meters is the d Arsonval galvanometer, the most common types having 

e coil supported m jeweled bearings. A galvanometer may be converted into a voltmeter, an ammeter, 

greater than a certain minimum if two factors are known: the current sensitivity 

r.r, ’ 1 resistance of the coil. In addition, for convenience in use, the number of divisions 

on the scale of the galvanometer should be taken into account. The computation will be shown in detail in 
tne sections below. 

i. The Voltnieter. The resistance of the coil of a galvanometer being constant, the deflection will be 
proportional to the voltage across the coil. Thus the galvanometer in its basic form may be considered to 

relating . However, it is. in general, not a convenient range, since the factor 

e ating the voltage to the deflection is not ordinarily a simple integer. 

Let k = current sensitivity, 

Rg = coil resistance, 

^ ~ of divisions between zero and full scale on galvanometer dial, 

1/ — full-scale current (amount necessary to deflect galvanometer N divisions) , 

Ef = full-scale voltage (amount necessary to deflect galvanometer N divisions), 

R 3- resistance in series with the galvanometer, 

Rv = total resistance of the voltmeter (R + R^), and 

^ voltage at which it is desired that the roftmeter read full scale 
See Pig. A-17. 

Now the current necessary for full-scale deflection is the amount necessary for a one-division deflection 
times the number of divisions: 

If — kN . 

Th^ ^ voltmeter to deflect to full scale, this voltage must produce a current 


vol^eter^ _ 

WAAt" 



Fig. .4-17. 


V If{Rf) — If{R Rq), 


( 6 ) 


so tlmt the size of the series resistance that it is necessary to add in order to convert the galvanometer into a 
/■TTn voltmeter with a range of V volts is 


R. 

■ 


1 

E 


V 

r = y-r,. 


(6a) 


Fig, A-18. 


When the vo 

meter is less than Ri : 


. yoltmeter IS supposed to measure the potential difference across any part of an elec- 
trical circuit without Itself changing the circuit. Ideally this means that the voltmeter 

resistance R. should be infinite, for consider the measurement of the voltage drop across 
a resistance, as shown in Fig. A-18. ^ 


R'Mt — 


RiR^ 


Ri Rv 


The total resistance of the circuit is now reduced by an amount fi, - so that the current is greater 
causing a larger IR drop across and, since the applied emf is constant, a smaller drop across R, thlii 
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Wi ore the voltmeter \va> applied. Thii^ the voltmeter always reads a value lower than the true value. 
As the ratio of the voltmeter resistance to the circuit resistance increases, however, the error becomes smaller. 
If the voltmeter resistance is 100 times as large as the circuit resistance, the error is about 1%. For careful 
work, therefore, the voltmeter resistance must be taken into account. For the highest quality voltmeters, 
the galvanometer current sensitivity should be very small. (Remember, of course, that the smaller the 

current sensitivity, the more sensitive is the galvanometer.) 

Since the voltmeter is simply a modified galvanometer, the warning at the end of 
Section 1 of Note H applies. Do 7wt apply more voltage than the full scale amount. 


ammeter 

I 





'i. The Ammeter. The galvanometer may be used as an ammeter whose range is 
If = kS . If larger currents are to be measured, say a maximum current of /, all but 
the amount 1/ must be shunted through a parallel path around the galvanometer, as 
shown in Fig. A-19. The easiest way to calculate the correct value of S for any par- 
ticular current range is to consider the following facts: when there is a current in the 
circuit, point a is at some definite potential, Val point b is at the potential Vt. The 
difference d a — I’i*) must equal Ef when the external current equals /, for by our 
a>>iimplion, the current I in the external circuit is to cause full scale deflection of the galvanometer. How- 
ever, the potential diflference Ef also exists across the shunt resistance S. The current in this resistance is 
I — If. Thus the value of S is eiven by 

Ef If 


Fip. A- 19 


.S = ^ 


R 


(7) 


R 




I - If I - If 

An ammeter is supposed to measure the current in any circuit without itself changing the circuit. 
Ideallv this means that the ammeter resistance Ra should be zero; for consider the measure- 

ment of the current in a circuit like the one of Fig. A-20. 

\Mien the ammeter is connected in the circuit, the total resistance of the circuit increases 
by the amount jR^, and thus the current falls below that w^hen the ammeter is not present. 

If the resklance of the ammeter is 1/100 as much as that of the rest of the circuit, the error 
1 . For careful work, therefore, and in cases where the circuits have low resistances, the 

ammeter resistance must be taken into account. For the highest quality ammeters, the 
gal vanoiBeter should have a low A*, which means that Ra will be small. 

WARNING : .\n ammeter must never be placed across a voltage source; it must only be used in series with a 
load which does not draw more than the full scale current. 


Fig, A-20. 



Ri 


“ oc 


•1 The OhmmeUr The common type of ohmmeter consists oi a gaivanometei m aenca 
and a rcistnr. as shown in Fig. A-«l. It is clear from the sketch that the amount of current in the ohm- 

meter when connected across an unknown resistance, Rx, depends on the values of 
the resistances R,, R., and Rx- If Rx is an open circuit, that is if /J, = « , then 
the current is zero. The rest position of the pointer on the dial may be marked 

It is also clear that if Rx is a short circuit, that is if Rx = 0, then the cur- 
rent is limited only by Rg + Ro- Thus R. must be of such a size that the curr^t 

with Rx = 0 \s just the full scale current, I/. Suppose further that Rx = 

I is. v-21. current is now half the amount it was for Rx = 0. Thus the point on the dia 

rr.rrf .FK.iulinf; to this value of Rx is halfway between the zero and infinity marks. The scale is obvious y 
not linear. 

Different scales are obUined by charging both R. and E.. 

4, n. WMmae,. ThU mstnunMt i, de,ign.d to measure the power consumed 
element It is couslmcted ou the electrodyn^ometer principle and h^wo i 

and a -voltage” winding. See Fig. A-2g We termer ia the 

way l . .e 




POINTER 


-PIVOT 
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^ Arson\al movement: the current winding furnishes the stationary field for the movable coil which 
1 se ^e VO tage winding; the torque is proportional to the 
product of the currents in the windings, that is, to the product of 

m the measured element. Further, since the currents in 
e windings must be in phase for maximum torque, and 
since w en the phases differ by 90° a maximum current in one 
winding corresponds to zero current in the other, giving zero 
torque, it may be shown that the torque will also be proportional 
to t e cosine of the phase angle. The net effect is now seen to 
e t e a c power equation, P = El cos By translated into mechan- 
ical motion. The factor “cos is called the power factor, 

wattmeter may also be used to measure power in d-c 
circuits. In this case the power factor, cos By is always unity. 

Note that the wattmeter in its simplest form has four termi- 
na,ls, two current terminals and two voltage terminals. One ter- 
minal of each pair is marked These must both be con- 

nected toward the same end (high potential or low potential) of the 
circuit. 

K, Magnetic Flux Standards 

A flux standard is an instrument designed to deliver a very 
brief voltage pulse produced in a coil by having it cut a known 
number of flux linkages. The emf thus produced is given by the 
equation (Faraday’s law of electromagnetic induction). 


CONTROL 

SPRING 

LEAD-IN 

SPIRAl 


MOVING COIL 



Fiao COIL 


Fig. A-22. 


e = 


N^X 10 - 


volt, 


( 8 ) 


The rate of change of the linkage is ^ since N is constant. There are two different types 


where N is the number of turns in the coil cutting the flux, and ^ is the number of lines of flux linkinc the 
coil at time t. 

dt 

of flux standard used in the laboratory. 

1. The Hihbert Standard. This standard consists essentially of a coil which may be dropped through 

a radial magnetic field of known magnetic flux produced by a permanent magnet formed by the shell and core 

of the standard. The coil slides on a shaft which passes through the center of the field. At the top of the 

shaft IS a catch which holds the coil out of the field, and which, when released, allows the coil to fall under the 

action of gravity into the field. In its initial position, there is no magnetic flux 

rom t e Hibbert standard linking the coil. In its final position, the entire flux of 

the standard links the coil. See the sketch. Fig. A-23. which shows the cross sec- 
tion of the Hibbert standard. 

f V This standard is constructed with a d’Arsonval move- 

ment (see Note H, Section 1) . A rather strong spring returns the coil to the zero 

deflection Position if the coil is deflected by hand and released. The coil, rotating in 
the radial field, cuts magnetic flux in its return to zero. 

As in the Hibbert standard, the number of flux linkages cut is the product of 
t e number of lines and the number of turns on the coil. In this instrument, only 

A pointer is attached to the coil in the same manner as in an 

- ^ • H ■■ ~ ^ ^ 



Fig. A-23. 


the product is given. 


ordmary voltmeter or ammeter, and indicates on the scale ire nrZnrin a“ 
hnlmge that occnrs upon release of the coil. Because of differences among individual instmmenU 
each .s se^rately cahhrated at severa points along the dial, and each point is marked. The marZ ^ve 
Significant figures only, and the multiplying factor is printed elsewhere on the dial. ^ 
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The selection mechanism of the desired number of flux linkages, and the subsequent release of the coil, 
is as follows: a large knurled knob just above the coil is turned counter clockwise to the zero position. At 
that point it engages the pointer, which is already at zero. The knob may now be turned clockwise to move 
the pointer to the desired setting. To release the pointer and coil, the protruding button on the knob is 
pressed, disengaging the pointer and coil which then snap back to zero. 


L. The Spectrometer 

The spectrometer is essentially an instrument for the measurement of angles of deviation of light rays 
due to reflection, refraction, and diffraction. Its essential features are represented diagrammatically in 
Fig. A-24. A circular horizontal plate K, the edge of which is graduated in degrees, is supported upon a 



S 


Fig. A-24. 


vertical mounting which carries also a telescope T and a collimator C. The latter consists merely of a tube 
carrying a slit S of adjustable width and so mounted that it may be placed in the principal focal plane of 
the lens L'. This arrangement makes it possible to regard S as an infinitely distant source of light, for waves 
(rays) which originate at S become plane waves (parallel rays) after passing through the lens L . 

The telescope T is mounted so as to rotate about the vertical axis of the plate K. The angular position 
of the telescope with reference to the graduations on the plate is read by means of a vernier scale (or sea es), 
V, attached to the telescope. A small piece of plane glass m is inserted in the eyepiece e of the telescope so 
as to make an angle of 45° with the axis of the telescope. The purpose of this arrangement is to make it 
possible to illuminate the cross hairs at x by projecting a beam of light into the eyepiece throug e circu a 

opening at 0. Such an eyepiece is called a Gauss eyepiece. , i i iv 

A second smaller circular plate S, the spectrometer table, is mounted at the center of the arge p a . 

being" xamined, el prism, diffraction grating, etc. This Uble may ^ rotated about its vert.c.1 aais 

An examination of the spectrometer will reveal that there is a large number of screws clamps^ 
whicrare to be used in adjusting the instrument. For example, there are level^ sere- - 

both the telescope and the collimator in addition to focusing devices. There are clamp J 
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o e spectrometer table either as to height or as to rotation. The telescope and verniers attached to it 
may e clamped in position except for slow motion afforded by a tangent screw. The same is true for the 

necessary for the student to examine carefully the functions of these various screws 
an c amps before trying to use the spectrometer. See Fig. A-25 for a photograph of a Gaertner spectrometer. 



Fig. A-25. 

= leveling clamp of telescope, TL = leveling screw of telescope, 
TC = telescope clamp, TS = tangent screw for slow motion of telescope, 
7T = rack and pinion for focusing telescope. Corresponding clamps 
and leveling screws exist for the collimator. S = slit of collimator. 


Adjustment of Spectrometer. The complete adjustment of the spectrometer is a long and arduous 
task for the novice. For highly accurate work it is necessary to have the spectrometer in complete adjust- 
ment. This is usually done in advanced work in experimental optics but it is hardly advisable in beginning 
courses in optics. It will serve our purpose to make an approximate adjustment of the spectrometer only. 
In making this approximate adjustment, the following steps should be taken in the order given. 

1. Focus the eyepiece on the cross hairs of the telescope. This may be done by directing the telescope 

toward some bright object, drawing out the cycjyiccc tube of the telescope its full amount, then slowly pushing 

it in until the cross hairs are first distinctly observed. Focusing in this manner places the cross hairs in the 

focal plane of the eyepiece. Light rays from the cross hairs which enter the eye are, therefore, parallel rays. 
This is the condition of most comfortable vision for most people. 

2. Focus the telescope for parallel rays. In most experiments with the spectrometer it is necessary 
that rays coming from the collimator be parallel and hence the telescope must be adjusted for parallel rays 
This may be done by focusing the telescope on a distant object. Direct the telescope toward an open window 
at some distant object. By use of the rack and pinion focusing device on the telescope (which moves both 
eyepiece and cross hairs) rack out the tube as far as it will go, then rack it in slowly until a clear image of the 
distant object first comes into distinct view. Focusing in this manner places the real image of the distant 
object (produced by the objective lens of the telescope) in the focal plane of the eyepiece and, therefore, in 
coincidence with the cross hairs. Under these conditions there should be no parallax between the image and 
the cross hairs. See Appendix II, Note F. If parallax exists, the telescope should be refocused. 

3. Alignment. Align the telescope and collimator with the center of the spectrometer table In the 

Gaertner spectrometers this adjustment has already been made by the manufacturer and should not be disturbed 
In other types this is done by unclamping the telescope or the collimator from its supporting arm sighting 
along Its barrel, turning it until it points to the center of the table, then reclamping it > g g 

4. Level the spectrometer. Place a level on the plate K so that it is parallel to a line through two of the 

spectrometer feet and level by adjusting the foot screws. Then place the level at right angles to its first 
position, and level by adjusting the third foot screw. 

5. Level the spectrometer table. Place a level on the table so that it is parallel to a line through two 
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The selection mechanism of the desired number of flux linkages, and the subsequent release of the coil, 
is as follows: a large knurled knob just above the coil is turned counter clockwise to the zero position. At 
that point it engages the pointer, which is already at zero. The knob may now be turned clockwise to move 
the pointer to the desired setting. To release the pointer and coil, the protruding button on the knob is 
pressed, disengaging the pointer and coil which then snap back to zero. 


L. The Spectrometer 

The spectrometer is essentially an instrument for the measurement of angles of deviation of light rays 
due to reflection, refraction, and diffraction. Its essential features are represented diagrammatically in 
Fig. A-24. A circular horizontal plate K, the edge of which is graduated in degrees, is supported upon a 



S 


Fig. A-24. 


vertical mounting which carries also a telescope T and a collimator C. The latter consists merely of a tube 
carrying a slit S of adjustable width and so mounted that it may be placed in the principal focal plane of 
the lens L'. This arrangement makes it possible to regard S as an infinitely distant source of light, for waves 
(rays) which originate at S become plane waves (parallel rays) after passing through the lens L'. 

The telescope T is mounted so as to rotate about the vertical axis of the plate K. The angular position 
of the telescope with reference to the graduations on the plate is read by means of a vernier scale (or scales), 
V, attached to the telescope. A small piece of plane glass m is inserted in the eyepiece e of the telesco^ so 
as to make an angle of 45° with the axis of the telescope. The purpose of this arrangement is to make it 
possible to illuminate the cross hairs at x by projecting a beam of light into the eyepiece throug e circ 

onening at 0. Such an eyepiece is called a Gauss eyepiece. , i i S' 

A second smaller circular plate B, the spectrometer table, is mounted at the center of t e arge p a . 

It may be leveled by means of leveling screws £i, E^, Et. Un this table is p P vertical axis 

being exammed, e.g.. prUm, diffraction grating, etc. Th.s table may ^ rotated about .ta aerttcal «na 

independently of the rotation of the telescope. It may also be adjuste or eig . -lomnson it 

An examtaation of the spectrometer will reveal that there is a large number of screws ““I ''*3 

whict are to be used in adjusting the instrument. For example, Z 

both the telescope and the collimator in addition to focusing devices. There are clamp J 
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3. In using a flame as a source of illumination for the collimator, be sure to keep the flame sufflciently 

far from the slit to avoid overheating the slit mechanism. i^fU 

4. It is frequently advisable to cover the prism table, telescope, and collimator with a black cloth to 

eliminate extraneous light. 

M. The Analytical Balance 


1. General Discussion, a. The analytical balance is used to determine accurately the mass of an object. 
Smce it is one of the most delicate (and expensive) pieces of apparatus used in the laboratory, and is easi y 
damaged or put out of adjustment, great care must be exercised in iU use. The student should be thoroug y 
familiar with the functions of its various parts and the precautions to be used in handling them be ore 

attempting to use the balance. 



Fig. A-26a. 


Fig. A-26b. 


b. The balance consists of a beam, pivoting by means of an agate knife-edge, Kiy on an agate surface: 
two pans, P, hung on the beam at equal distances from K\ by means of secondary knife-edges, a long 
pointer, /, attached to the beam, and indicating the position of the beam by means of a short scale, S, behind 
which a mirror, is placed; and a scale, P, attached to the beam, on which a small rider may be placed for 
fine adjustments in balance. In addition, there is an arm and hook arrangement, //, by means of which the 
rider may be lifted and moved without opening the case, and an arrestment, .4, which lifts the beam and pans 
off their knife-edges at all times except during an actual balancing operation. Two adjustments are pro- 
vided : C„ by moving vertically, changes the center of mass of the beam vertically with respect to the knife- 
edge K\y and thus changes the sensitivity of the balance; by moving horizontally, moves the center of 
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mass df the beam in the same direction, allowing adjustment of the unloaded rest position to coincide with 
the zero point of the scale, N. In general neither of these adjustments is to be attempted by the student, 

c. An object is “weighed" by placing it on one pan (usually the left) and placing members of a special 

t c^f r^till^^d a na tical weights, in the other pan until balance is obtained. It might be noted 

here that this process of weighing is essentially equivalent to comparing the mass of the body to the mass of 
th e “weights/' It is a valid process regardless of the value of the acceleration due to gravity, provided 
this acceleration is the same at both pans of the balance. 

Tlie set of analytical weights usually consists of a group made of brass ranging from 1 to 100 gm and 
another group made of aluminum or of platinum ranging from 10 up to 500 mg. The previously mentioned 
rider provides adjustments from 0.1 up to 10 mg. This last adjustment may be made in one of two different 
ways, depending on the marking of the scale, R, If it is divided into 20 divisions, with zero in the center, a 
10-mg rider is provided. Moving the rider to the tenth division either way amounts to placing 10 mg on 
the corresponding pan. Moving it 5 divisions amounts to placing 5 mg on the corresponding pan, and so 
forth. If the scale R is divided into 10 divisions, with zero to the left, a 5-mg rider is provided. The scales 
are balanced for the rider at the zero position. Moving the rider 10 divisions amounts to removing 5 mg 
from the left pan and adding 5 mg to the right pan, a total transaction of 10 mg. 

d. In order to determine the mass of a body, the unloaded (normal) rest point of the balance must first 
be found. This is the position of the pointer I on the scale S when the unloaded balance ceases to vibrate; 
in general it will not be the center point of the scale. The balance between the object and the analytical 
weights has been obtained when the pointer comes to rest at this normal rest point (and not at the center 
point) . 

In practice, the scales swing for so long a time that it is impractical to wait for them to come to rest. 
The ultimate rest point of the balance may be found by the method of swings as follows: After the motion 
has become regular, record three successive extremes of the travel of the pointer past the center of scale 
(two on one side and one on the other). The rest point will lie halfway between the one reading and the 
average of the other two. For more careful work, record five successive extremes (three on one side and two 
on the other); the rest point lies halfway between the average of the three and the average of the two. We 
may show the logic of this procedure by postulating some natural rest point, say left 3, and by assuming 
that the balance loses equal amounts of amplitude each swing because of friction and air-damping, say 1/2 
division. Then with an initial swung to the left of say 5 divisions beyond the rest point, the succeeding 
swings will go 4.5 divisions to the right of the rest point, 4.0 to the left of it, 3.5 to the right, and 3.0 to the 
left, giving readings of L8, 111.5, L7, R0.5, and L6, The averages are L7 and Rl.O; the mean of these is L3, 
the originally postulated rest point. It is to be noted that this procedure when followed with the pans 
emptv gives the unloaded rest point. When followed with the object and weights in place, it gives the 
loaded rest point. When enough weights have been added so that these two rest points coincide, the scales 

balanced, and the two masses are equal. 


2. Precautions, a. The arrestment of the balance must always be engaged except when actually measur- 
ing swings. It must be engaged when changing weights, even when shifting the rider. The knife edges 
are sharp and brittle, and any shock may ruin them permanently. The arrestment should be engaged and 

disengaged gently, i i j 

b. The balance is enclosed in glass to avoid the effects of air currents. When the scales are balanced 

to the point where swings may be recorded, the front window must be closed. After the window is closed, 

wait a few seconds for any air currents to die out before releasing the arrestment. 

c In reading the extremes of the swings, use the mirror behind the scale S to avoid parallax, (bee 
Note F.) The reading is correct when the pointer and its image in the mirror coincide, i.e„ when the 

pointer exactly covers its image. , i -xi. i 

d. The analytical weights are very precisely calibrated. They are to be used only with the analytical 

balance. They must be handled vrith the forceps and never with the fingers, because oil and moisture rom 

the hands wiU change their weights. This applies equally to the largest and the smallest weights. Ea^ 

weight has a particular place in its box. When finished with a weight, return U to xts proper place tn the box^ 

In order to avoid error in totaling the group of weights used in weighing a load, record each one m ivi ua y 

in a column as they are being returned to their box, record the contribution of the rider, and add a . 
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e. Since there are two sizes of rider available, as noted in Section Ic above, be sure the balance to be used 
is equipped with the proper one. This may be checked by placing the rider in one pan an a mg we g 
in the other and seeing if the scales balance. If they are far out of balance, the rider is of the o-mg size. 

3. Weighing Procedure. 1. With the case closed, insert the arrestment knob, and genthj lower the beam 
onto its knife-edges. If it swings freely, find the unloaded rest point accurately, as mdicated above, usmg 
swings of about 8 or 10 divisions total amplitude. The size of the swing can be controlled by the care with 
which the beam is lowered onto its knife-edges. If the balance does not swing freely, it is out of adjustment, 
and the instructor should be called. The student should not attempt to adjust it himselt. Kecord t e 

unloaded rest point and engage the arrestment. ^ i i j 

b. Open the case and place the object to be “weighed’’ on the left-hand pan. On the right-hand pan 

place a single large weight of about the same mass as the object. Gently lower the arrestment. It will 
immediately become clear whether the mass of this weight is larger or smaller than that of the object, since 
the beam will definitely lean toward one side or the other as soon as the arrestment permits. Reengage the 
arrestment, and replace the weight by one nearer the mass of the object. Always use as the largest weight 

the first one which fails to overbalance the object. 

Reengage the arrestment and add the next smaller weight to the pan. Gently release the arrestment 
to determine whether this addition is too large or too small. If too small, leave the weight on the pan, and 

add the next smaller weight after reengaging the arrestment. 

Continue in this fashion until (with the rider in its zero position) an added 10-mg weight in the right- 

hand pan overbalances the object being weighed. Remove the 10-mg weight, and finish the balancing 
operation with the rider, using the method of swings and taking only three successive extremes until a good 
balance is obtained, i.e., until the loaded rest point very nearly equals the unloaded rest point. For ordinary 
work the mass is determined to the nearest milligram, since in order for the tenths of a milligram to be sig- 
nificant, special corrections for the buoyant force of the air, etc., are usually necessary. 

c. For work which demands an 0.1-mg accuracy, the sensitivity of the balance should be obtained. 
Determine the unloaded rest point as above, using the method of swings with five successive extremes. 
Repeat. Then, by means of the rider, add the equivalent of 1 mg to the right-hand pan, and determine the 
new rest point. The shift in the rest point for the addition of 1 mg is known as the sensztinity of the balance. 
Knowing the sensitivity, it is no longer necessary to bring the loaded rest point exactly into coincidence with 
the unloaded rest point when determining the mass of a body. Having determined the distance of the 
loaded from the unloaded rest point, the number of milligrams which would he necessary to reduce this 
distance to zero may easily be calculated. 

d. When finding the difference between two very nearly equal weights, the effect of small errors in the 
analytical weights may be radically reduced by using the same large weights to balance both loads. In 
this way only errors in the small weights making up the difference will enter into the final computations. A 
still better way to proceed is to balance the heavier object first by placing suflBcient weights in the right pan. 
Then, leaving these weights in the right pan of the balance, replace the heavier object by the lighter object 
in the left pan. Finally, add small weights to the left pan until balance is again restored. The total of the 
weights added to the left pan will equal the difference in the weights of the two objects. In this manner any 
error due to inequality of the arms of the balance will be eliminated. 


iV. The Cathode-ray Oscilloscope 


1. Description* A very versatile and useful instrument in many fields is the cathode-ray oscilloscope. 
By its use, nearly any kind of electrical data may be presented visually. It is the purpose of this note to 
describe its operation, its principal functions, and some of its common uses. The heart of the cathode-ray 
oscilloscope is the cathode-ray tube. This is an elongated vacuum tube with a source of electrons at one 
end, and a phosphorescent screen at the other. The electrons are emitted from the “electron gun,” accel- 
erated and focused into a narrow beam, and sent down the length of the tube onto the phosphorescent screen 
at the far end. In the absence of any means of deflecting the electrons, the beam strikes only one spot on 
the screen which emits a visible glow where it is struck. If the beam is deflected, it leaves a phosphorescent 
path on the screen which dies out rapidly or slowly, depending on the type of screen. Since the beam pos- 
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sossos very little inertia, it is capable of responding extremely rapidly to deflection forces. In tbe elec 
static type of cathode-ray tube, these forces are applied by means of plates placed in the tube near the bea 
path. The plates are arranged facing each other in pairs; usually one pair is arranged with one plate ah 
the beam s path and the other below, and the other pair is set perpendicular to the first pair, one on each ; 
of the beam s path. Placing a potential difference across a pair of opposite plates causes the beam tc 
deflected toward the more positive plate. The course of the beam is thus altered, and it strikes the fac 
the tube in a different place. If the potential on the plates is varied, the beam swings accordingly, trac 
out a corresponding path on the face of the tube. 

Ill the cathode-ray oscilloscope, such a tube is installed along with various electronic circuits wl 
apply the voltages and signals necessary for its operation. Besides the power supply which furnishes 
proper voltages to operate the electron gun and the accelerating and focusing electrodes, there are usu; 
three principal circuits. First, a vacuum-tube amplifier ivhich drives the vertical deflection plates, , 
causes a measurable vertical beam deflection in response to a small input signal. Second, another vacui 
tube amplifier which has a similar function with respect to the horizontal deflection plates. Third, asw 
circuit which drives the beam horizontally across the scope and enables wave forms to be plotted as fun cti 
of time. Each deflection amplifier is provided with one or more gain controls which can be adjusted to ca 
any given signal above a certain minimum size to occupy as much of the scope face as desired. The sv? 
cucuit applies a ‘'saw-tooth ’ shaped wave form to the horizontal amplifier which puts it on the horizoi 
deflection plates instead of an external signal. The saw tooth sweeps the beam across the tube face (usu; 
from left to right) at a constant speed, and then quickly returns it to the left edge to repeat the sweep ag 
The repetition frequency of the sweep can be adjusted to present different phenomena as functions of t 
to the best advantage. 


2. Use^, a. Tf are forms as functions of time. Very slovdy changing electrical voltages can be obser 
by use of a voltmeter which shows the actual voltage at any instant. If the variation is faster, either 
mechanism of the meter will fail to follow it because of its inertia, or the eye will be unable to recognize fi 
the movements of the needle. The cathode-ray oscilloscope overcomes these diflSculties by using as a mo\ 
element an electron beam which has so little inertia that it can respond to deflection forces varying milli 
of times per second. As recording element, it uses a phosphorescent screen which can retain a record of 
passage of the electron beam over its surface for as long as necessary. For phenomena which occur o 
once, and happen rapidly, a screen with a relatively long persistence is useful. The record is thus preser" 
for a long enough time for the eye to register it. If the phenomenon is repetitive, or if a camera is to reci 
the passage of a singly occurring wave form, then a screen of shorter persistence is desirable. For ordinj 
cathode-ray oscilloscopes used primarily for visual observation, a screen with medium persistence is us 
Patterns are retained for an appreciable fraction of a second on the common green screen (phosphor 5). 

By using a saw-tooth sweep on the horizontal plates and presenting the changing voltage on the verti 
plates, a plot of the voltage wave form as a function of time is obtained. Since it is possible to sweep 
electron beam across the scope face in less than a microsecond, wave forms lasting less time than this can 
presented in detail. Ordinary oscilloscopes, however, usually can only present data occurring at frequenc 
of a few tens of thousands per second or under. The amplifiers driving the deflection plates are the princi 
offenders in this behavior since they rarely are designed to have good high-frequency response. The h< 
zontal amplifier is usaially poorer than the vertical amplifier in this respect by a factor of ten or more. 

b. Frequency comparison , It is often desirable to present two simultaneously varying electrical yolta 
as functions of each other. In such a case, one voltage is fed into the vertical amplifier and one into 
horizontal amplifier. If the two voltages are sinusoidal in form, and of some fixed rational frequency rai 

the resulting pattern on the oscilloscope takes the form of a Lissajous figure. 

One application of such a presentation is to adjust the frequency of some sine wave source to be ac< 

rately a multiple or submultiple of a known frequency. The unknown is fed into the vertical amplifier a 
the known sine wave is fed into the horizontal* amplifier. The unknown frequency is adjusted until 1 
Lissajous pattern characteristic of the desired frequency is obtained. Another application is the comparis 
of the frequency of any repetitive wave form with the output of a signal generator. Putting one signa ir 
each amplifier of the oscilloscope, the signal-generator frequency is adjusted until the resulting pattern s o 
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a one-to-one relationship between the unknown and the signal from the generator. The frequency of 

generator is then equal to that of the unknown phenomenon. 

c. Phase comparison. Still another application is the determination of the phase difference between two 

sine waves of the same frequency. Putting one into each input of the scope results m an ellipse on the scope 

face. If the two waves are in phase or 180° out of phase, the ellipse degenerates into a straight line At 

any other phase relationship, the ellipse is nondegenerate; at 90° its major and minor axes are parallel to the 

axes of the scope. (When the amplitudes of the two waves are equal, the 90° ellipse becomes a circle.) lo 

find the phase relationship expressed by any ellipse, consider the following: 


Cl = El sin a)t. 


62 


= E 2 sin {wt + 0 ), 


where 0 is the phase angle between ei and ^ 2 . We can write 62 as 

62 = E2 (sin cot cos 0 + cos cot sin 0). 


Now when 61 = 0, then necessarily sin <jot — 0, since Eu the amplitude of ^ 1 , is a finite quantity, 
these conditions, 

62 = E 2 sin 0. 


Then under 



Thus, if one draws a line through the center of the ellipse, parallel to the 62 axis, the distance from the center 
of the ellipse to a place where the ellipse cuts this line, s, is proportional 0 ^ 

to E 2 sin 0. See Fig. A-27. The distance from the center of the ellipse 
to the extreme deflection in the 62 direction, S, is proportional to £/ 2 , the 
amplitude. The ratio of these two distances, s/S, is therefore equal to sin 
0. In practice, it is simpler to measure the double distances in each case : 
the distance between the points where the ellipse cuts the axis and the out- 
side dimension of the ellipse in the 62 direction. A little thought will con- 
firm the fact that measuring the distances along the ei axis will yield the 
same angle. To avoid confusion, the phase angle determined as above is 
to be taken simply as the difference in phase between the two voltages. If 
the major axis is in the first and third quadrants, the phase angle is less 
than 90®; if it lies in the second and fourth quadrants, the phase angle 
is between 90 and 180®. The shape and position of the ellipse does not indi- 
cate which voltage leads the other; this must be determined from other considerations. 

d. Amplitude comparison. There are a myriad other uses for the cathode-ray oscilloscope, but only 
one more will be mentioned. It may be used to compare the amplitudes of different alternating voltages 
of any frequency within the frequency response characteristics of its vertical amplifier. It may be used 
most accurately to match the amplitudes of two voltages by putting the first one into the vertical amplifier 
and noting the amplitude of the resulting deflection; and then putting the other voltage into the vertical 
amplifier, leaving it set at the same gain, and adjusting the voltage to cause the same deflection amplitude. 
Within the accuracy of linearity of the vertical amplifier (that is, the limits within which the deflection on 
the scope face is accurately proportional to the amplitude of the input voltage to the deflection amplifier) 
the scope may be used to measure any alternating voltages by first calibrating it against a known voltage. 
The known voltage is fed to the vertical amplifier, and the gain of the amplifier is adjusted so that the beam 
is deflected by a convenient amount, say one scale division to the volt. The unknown voltage is then fed 
in with the same gain setting, and the resulting deflection measured. The amplitude of the unknown voltage 
is equal to the standard voltage times the ratio of its deflection to the standard deflection. 

3. Operation. The controls of the cathode-ray oscilloscope include one to adjust the intensity of the 
trace and one to focus the beam. As mentioned earlier, each deflection amplifier has one or more gain con- 
trols, which often include a decade attenuator arrangement which allows the operator to cut incoming signals 
to one-tenth size before they* reach the amplifier. The horizontal amplifier input has a switch which con- 
nects it to the sweep circuit or to the external signal jacks. This switch may be separate or it may be incor- 
porated into the coarse frequency control switch of the sweep circuit. The sweep circuit has in addition a 
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j v^v^Ai \^Li.K^ oucpo pru- 

The pattern may be centered, or moved from side to side or up and down by 
vertical centering controls, which insert p. H-c “bias’’ nntn th^ 


fine or vernier frequency control, which provides a continuously variable frequency between the steps pro- 
vided by the coarse control. 

means of the horizontal and vertical centering controls, which insert a d-c “bias” onto the deflection plates 
without changing the character of the signal deflection voltages. Finally there are controls which enable the 
sweep to be synchronized with some other signal. This signal may be a repetitive phenomenon being fed to 
the vertical amplifier, in which case the “Synch. Selector” switch is set to “Internal,’’ and the synchronizing 
signal comes from the vertical amplifier; the signal may be the line ( 60 -cycle) frequency, in which case the 
selector is set to “Line or it may be some other external signal, in which case the selector is set to “Exter- 
nal” and some synchronizing signal is fed to a special “Synch” jack on the panel of the oscilloscope. The 
synchronizing signal is fed into the sweep generator in such a way as to force it to alter its frequency to match 
the frequency of the signal. This can be done only if the natural frequency of the saw-tooth generator is set 
fairly near the frequency of the additional signal. The “Synch. Amplitude” control determines how much 
force is to be used to coerce the saw-tooth generator. Since a large force causes some distortion, it is usually 
best to use as little synchronizing signal amplitude as will do the job. When a repetitive phenomenon is 
being studied, the sweep is thus operating so that the wave form appears in the same place on the scope face 
each time it occurs. Thus wave forms which occur too rapidly to be ordinarily seen are made to appear 
repeatedly in the same place and become visible by virtue of such repetition. If the repetition is more rapid 
than about 60 per second, the wave form appears to be stationary, because of the eye’s inability to discern 
such rapid changes. 

The controls described above- are the basic ones found on nearly all cathode-ray oscilloscopes, regardless 
of make. More elaborate instruments have, in addition, controls to operate other circuits which have 
special functions or perform the usual duties more precisely. 


P. The FP400 Diode 


This tube has a pure tungsten filament located axially in a cylindrical zirconium-coated nickel anode. 
It is built with sufficient precision so that it may be used in a variety of emission and space-charge experi- 
ments. The anode has a small hole centrally located so that a short portion of the filament may be viewed 
through it for optical-pyrometer and traveling-microscope measurements. The following tables show the 
characteristics of the filament and anode. 

Filament: 


Voltage. 4,0 volts; max: 4.75 volts 

Current 2.25 amp 

Lead resistance 0.08 ohm (mostly in positive lead) 

Length 1.25 in. Effective length, 1.0 in. (corrected for end effect) 

Diameter (cold) 0.005 in. 


Anode: 

Voltage 

Current 

Power dissipation 

I^ength 

Diameter (inside) 

The basing connections are shown in the figure below. The view is from the bottom of the tube. 


125 volts max 
25 ma max 
15 watts max 
1.5 in. 

0.620 in. 
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81® 

. 1702 

.1719 

• 1736 

80® 

. 1874 

.1891 

. 1908 

79 ° 

.2045 

. 2062 

.2079 

78° 

A 1 

.2115 

.2233 

.2250 

77 

-2385 

. 2402 

.2419 


• 2554 

•2571 

. 2588 

75 

.2723 

• 2740 

• 2756 

74 ° 

iM. 1 

. 2890 

. 2907 

, 2924 

73 

n 1 

•3057 

• 3074 

.3090 

72° 

A 1 

.3223 

• 3239 

•3256 

71 

•3387 

•3404 

•3420 

70® 

-3551 

•3567 

• 3584 

69® 1 

•3714 

•3730 

• 3746 

68° 

-3875 

.3891 

• 3907 

67°! 

•4035 

.4051 

.4067 

66° 

•4195 

.4210 

.4226 

65° 

•4352 

1 -4368 

.4384 

64° 

-4509 

.4524 

• 4540 

63°! 

.4664 

-4679 

• 4695 

62® 1 

.4818 

•4833 

.4848 

61® 1 

•4970 

•4985 

.5000 

60° 

.5120 

•5135 

• 5150 

59 ° 

-5270 

.5284 

• 5299 

58° 

•5417 

•5432 

• 5446 

57 ° 

•5563 

•5577 

• 5592 

56°! 

•5707 

-5721 

•5736 

55 ° 

-5850 

.5864 

• 5878 

54 ° 

•5990 

.6004 

.6018 

53 

.6129 

•6143 

• 6157 

52** 

.6266 

.6280 

.6293 

51° 

.6401 

! .6414 

.6428 

50° 

•6534 

•6547 

.6561 

49 ° 

.6665 

.6678 

.6691 

48° 

•6794 

.6807 

,6820 

47° 

. 6921 

• 6934 

.6947 

46° 

. 7046 

1 -7059 

.7071 

45 ° 

.2 

.1 

.0 

1 


sin 



f 

.0 

.1 

.2 

.3 

•4 

•5 

.6 

•7 

.8 




45 

■ 7071 

• 70S3 

.7096 

. 7108 

. 7120 

•7133 

•7145 

• 7157 

. 7169 

. 7181 

• 7193 

44'' 

46® 

n 

■ 7193 

. 7200 

. 721S j 

• 7230 

.7242 

•7254 

. 7266 

• 7278 

. 7290 

• 7302 

• 7314 

43" 

47 

■ 73 14 

•7325 

•7337 

•7349 

•7361 

•7373 

•7385 

• 7396 

.7408 

1 . 7420 

■ 7431 

42° 

48° 

• 7431 

• 7443 

* / 455 

. 7466 

-7478 

• 7490 

•7501 

•7513 

■ 7524 

• 7536 

• 7547 

41" 

49 

• 7547 

• 7559 

• 7570 

.7581 

■7593 

• 7604 ; 

• 7615 

. 7627 

.7638 

.7649 

. 7660 

40® 

50" 

A 

. 7660 

.7672 

• 7683 

• 7694 

•7705 

.7716 

•7727 

•7738 

•7749 

.7760 

.7771 

39" 

51 

• / / / 

.7782 

• 7793 

. 7804 

.7815 

. 7826 

•7837 

, 7848 

•7859 

. 7869 

. 7880 

38° 

52 

. 7SSO 

• 7891 1 

. 7902 

,7912 

.7923 

•7934 

•7944 

■7955 

•7965 

.7976 

. 7986 

37“ 

53 " 

. 79S6 

• 7997 

. 8007 

. 8018 

. 8028 

.8039 

.8049 

.8059 

.8070 

. 8080 

. 8090 

36° 

54" 

. S09O 

. 8100 

.8111 

. 8121 

.8131 

.8141 

.8151 

.8161 

.8171 

. 8181 

. 8192 

35 " 

SS"* 

. S192 

, 8202 

. 8211 

. 8221 

.8231 

.8241 

.8251 

. 8261 

.8271 

.8281 

. 8290 

34° 

56“ 

. 8290 

.8300 

.8310 

.8320 

.8329 

.8339 

• 8348 

•8358 

.8368 

•8377 

•8387 

33" 

57" 

.8387 

■ S396 

. 8406 

.8415 

•8425 

•8434 

•8443 

•8453 

. 8462 

.8471 

. 8480 


:s8“ 

. 8480 

. 8490 

•8499 

.8508 

•8517 

.8526 

•8536 

•8545 

•8554 

•8563 

•8572 

31" 

59" 

•8572 

.8581 

.8590 

•8599 

. 8607 

. 8616 

. 8625 

.8634 

• 8643 

•8652 

.8660 

30° 

60^ 

. 8660 

- 8669 

.8678 

.8686 

.8695 

.8704 

.8712 

.8721 

.8729 

.8738 

. 8746 

29" 


.8746 

•8755 

.8763 

•8771 

.8780 

.8788 

.8796 

. 8805 

• 8813 

.8821 

. 8829 

28** 

62“ 

. 8829 

. 8838 

.8846 

• 8854 

, 8862 

.8870 

.8878 

.8886 

.8894 

.8902 

.8910 

27° 

63° 

. 8910 

.8918 

. 8926 

•8934 

. 8942 

.8949 

■89571 

.8965 

•8973 

. 8980 

. 8988 

26** 

64" 

. S988 

. 8996 1 

.9003 

.9011 

.9018 

, 9026 

•9033 

.9041 

.9048 

.9056 

.9063 

25 " 

165° 

. 9063 

.9070 

.9078 

.9085 

.9092 

.9100 

.9107 

.9114 

.9121 

.9128 

•9135 

24" 

66° 

*9135 

•9143 

.9150 

•9157 

.9164 

.9171 

• 91 78 

.9184 

• 9191 

.9198 

.9205 

23“ 

167° 

.9205 

.9212 

.9219 

.9225 

.9232 

■9239 

*9245 

.9252 

•9259 

.9265 

.9272 

22® 

|68° 

* 9 2 7 2 

.9278 

.9285 

.9291 

.9298 

-9304 

•9311 

•9317 

•9323 

•9330 

•9336 

21° 

69® 

• 9336 

■9342 

.9348 

•9354 

.9361 

•9367 

•9373 

•9379 

• 9385 

-9391 

•9397 

20® 

70" 

•9397 

•9403 

.9409 

•9415 

.9421 

.9426 

•9432 

•9438 

•9444 

•9449 

•9455 

19" 

1 0 

71 

• 9455 

.9461 

.9466 

-9472 

•9478 

•9483 

! .9489 

• 9494 

.9500 

•9505 

•9511 

18^ 

72“ 

■9511 

•9516 

• 9 S 2 I 

•9527 

• 9532 

•9537 

.9542 

■9548 

•9553 

•9558 

•9563 

17" 

73" 

■9563 

.9568 

•9573 

•9578 

•9583 

.9588 

•9593 

•9598 

.9603 

.9608 

.9613 

16** 

74" 

.9613 

.9617 

.9622 

.9627, 

.9632 

.9636 

.9641 

.9646 

.9650 

•9655 

.9659 

15" 

75" 

• 9^59 

.9664 

.9668 

.9673 

.9677 

.9681 

.9686 

.9690 

.9694 

.9699 

•9703 

14" 

76** 

•9703 

.9707 

.9711 

•9715 

.9720 

•9724 

•9728 

-9732 

•9736 

.9740 

• 9744 

13° 

1 MvO 

77 

• 9744 

.9748 

•9751 

■9755 

•9759 

•9763 

.9767 

•977O1 

•9774 

-9778 

• 9781 

12** 

78" 

.9781 

•9785 

•9789 

.9792 

.9796 

•9799 

.9803 

.9806 

.9810 

-9813 

.9816 

11° 

i 79 “ 

.9816 

! .9820 

.9823 

.9826 

.9829 

•9833 

.9836 

•9839 

. 9842 

•9845 

, .9848 

10® 

80° 

.9848 

.9851 

•9854 

•9857 

.9860 

.9863 

.9866 

. 9869 

.9871 

9874 

•9877 

9" 

81° 

.9877 

.9880 

.9882 

.9885 

.9888 

.9890 

•9893 

•9895 

,9898 

.9900 

.9903 1 

S'* ! 

A 

82 ** 

■9903 

■9905 

.9907 

.9910 

.9912 

.9914 

.9917 

.9919 

.9921 

•9923 

•9925 

7 

83" 

■9925 

.9928 

•9930 

•9932 

•9934 

•9936 

•9938 

• 9940 i 

•9942 

•9943 

• 9945 

6 

84^ 

•9945 

•9947 

• 9949 

•9951 

•9952 

•9954 

•9956 

-9957 

•9959 

.9960 

.9962 

5 

0 

\n 

00 

.9962 

•9963 

•996s 

.9966 

. 9968 

•9969 

.9971 

.9972 

• 9973 

•9974 

.9976 

1 

4 

86** 

.9976 

•9977 

1 9978 

•9979 

. 9980 

.9981 

.9982 

•9983 

.9984 

-9985 

.9986 

3 

87" 

. 9986 

.9987 

.9988 

■9989 

.9990 

.9990 

.9991 1 

•9992 

•9993 

•9993 

-9994 

2 

88^ 

• 9994 

•9995 

•9995 

.9996 

.9996 

•9997 

•9997 

•9997 

.9998 

•9998 

,9998 1 

I 

0 

89° 

.9998 

1, 

•9999 

•9999 

■9999 

•9999 

I . 000 1 

1 . 000 

I . 000 

1 . 000 

1 . 000 

1 .000 

0 



•9 

.8 

•7 

.6 

•5 

•4 

°3 

.2 

[ 

.1 
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tan 



.0 

.1 

.2 

-3 

•4 

•5 

.6 

•7 

.8 

T , 

•9 




, 0000 

.0017 

•0035 

.0052 

.0070 

. 0087 

1 .0105 

.0122 

.0140 

•0157 

■0175 

89° 


•017s 

. 0192 

.0209 

. 0227 

. 0244 

. 0262 

,0279 

.0297 

• 0314 

.0332 

.0349 

88° 

2° 

•0349 

.0367 

.0384 

.0402 

.0419 

•0437 

1 - 0454 

.0472 

. 0489 

.0507 

-0524 

87° 

3 *" 

.0524 

.0542 

•0559 

•0577 

-0594 

.0612 

.0629 

,0647 

.0664 

.0682 

. 0699 

86° 

4 ° 

.0699 

1 .0717 

*0734 

.0752 

.0769 

.0787 

, 0805 

.0822 

.0840 

.0857 

.0875 

85° 

5 ** 

•087s 

.0892 

. 0910 

. 0928 

• 0945 

.0963 

.0981 

.0998 

. 1016 

•1033 

• 1051 

84" 

6° 

.1051 

. 1069 

. 1086 

. 1 104 

. 1122 

•1139 

■1157 

•1175 

.1192 

. 1210 

.1228 

83° 

7 

.1228 

. 1246 

. 1263 

. 1281 

. 1299 

•1317 

•1334 

•1352 

•1370 

■ 1388 

.1405 

82° ' 

8® 

.1405 

.1423 

.1441 

1 -1459 

■1477 

■1495 

,1512 

•1530 

.1548 

- 1566 

■1584 

8i° 


.1584 

. 1602 

. 1620 

.1638 

•1655 

.1673 

. 1691 

. 1 709 

.1727 

•1745 

• 1 763 

80° 

IO° 

.1763 

. 1781 

.1799 

, 1817 

•183s 

•1853 

. 1871 

. 1890 

. 1908 

. 1926 

.1944 

79" 

1 11° 

*1944 

. 1962 

. 1980 

.1998 

. 2016 

■2035 

•2053 

. 2071 

. 2089 

.2107 

. 2126 

78° 

1 

.2126 

•2144 

.2162 

.2180 

. 2199 

. 2217 

.2235 

-2254 

.2272 

. 2290 

.2309 

77 ° 

13 " 

.2309 

.2327 

■2345 

■2364 

. 2382 

. 2401 

. 2419 

• 2438 

. 2456 

•2475 

1 .2493 

76° 

14" 

■2493 

.2512 

•2530 

•2549 

. 2568 

. 2586 

. 2605 

. 2623 

. 2642 

. 2661 

.2679 

75 ° 

15" 

.2679 

. 2698 

•2717 

.2736 

• 2754 

•2773 

.2792 

, 2811 

. 2830 

. 2849 

. 2867 

74" 

16° 

. 2867 

. 2886 

•2905 

. 2924 

• 2943 

. 2962 

. 2981 

. 3000 

.3019 

•3038 

•3057 

73 ° 1 

|i 7 "i 

•3057 

.3076 

.3096 

•3115 

•3134 

•3153 

.3172 

.3191 

.3211 

•3230 

•3249 

72° 

18° 

• 3249 

.3269 

.3288 

•3307 

•3327. 

-3346 

•33651 

•3385 

• 3404 

•3424 

-3443 

71° 

19" 

•3443 

•3463 

.3482 

•3502 

•3522 

•3541 

•3561 

•3581 

. 3600 

.3620 

.3640 

70° 

1 1 

*3640 

.3659 

•3679 

•3699 

■3719 

•3739 

•3759 

•3779 

•3799 

.3819 

■3839 

69° 

21° 

•3839 

•3859 

•3879 

■3899 

•3919 

•3939 

•3959 

•3979 

.4000 

.4020 

. 4040 

68° 

22° 

* 4040 

« 406 I 

.4081 

.4101 

.4122 

.4142 

.4163 

.4183 

.4204 

. 4224 

•4245 

67° 

| 23 "| 

*4245 

.4265 

.4286 

1 -4307 

•4327, 

• 4348 

• 43<^9 

•4390 

.441 1 

•4431 

•4452 

66° 

24" 

•4452 

•4473 

•4494 

•4515 

•4536 

• 4557 , 

•4578 

• 4^99 

.4621 

.4642 

.4663 

65° 

25" 

.4663 

. 4684 

.4706 

•4727 

• 4748 

•4770 

.4791 

.4813 

* 4^34 

.48.‘?6 

•4877 

64° 

26“ 

■4877 

.4899 

.4921 

.4942 

.4964 

.4986 

. 5008 

.5029 

•5051 

•5073 

-5095 

63" 

27° 

•509s 

• S117 

•5139 

.5161 

.5184 

. 5206 

.5228 

• 5250 

•5272 

* 5295 

•5317 

62° 

|28°| 

•5317 

- 5340 

■5362 

•5384 

•5407 

•5430 

■5452 

■ 5475 

•5498 

•5520 

• 5543 1 

61° 

29° 

•5543 

•5566 

-5589 

.5612 

■5635 

. 5<^58 

♦ 5681 

•5704 

•5727 

•5750 

•5774 

60° 

30° 

•5774 

■ 5797 

, 5820 1 

•5844 

.5867 

. 5890 

•5914 

•59381 

.5961 

•5985 

. 6009 

59" 

31" 

. 6009 

.6032 

. 6056 

. 6080 

. 6104 

.6128 

.6152 

.6176 

. 6200 

. 6224 

.6240 

58° 1 

32“ 

. 6249 

.6273 

. 6297 

,6322 

.6346 

.6371 

•6395 

.6420 

•6445 

* 6460 

. 6404 

57 " 

33 ° 

. 6494 

.6519 

•6544 

* 6569 

-6594 

. 6619 

.6644 

. 6669 

.6694 

.6720 j 

•6745 

56" 

34" 

•6745 

.6771 

.6796 

.6822 

.6847 

.6873 

.6899 

. 6924 

.6950 

.6976 

. 7002 

55 " 

35 " 

36" 

1 

. 7002 
.7265 

. 7028 
. 7292 

- 7054 
■ 7319 

. 7080 

•7346 

•7107 

•7373 

• 7133 
. 7400 

•7159 

•7427 

. 7186 

•7454 

. 7212 
. 7481 

•7239 

. 7508 

.7265 

• 7536 

54" 

53 ° 

37 

•7536 

• 7563 

•7590 

• 7618 

. 7646 

•7673 

.7701 

*7729 

• 7757 

•7785 

•7813 

52** 

38° 

•7813 

.7841 

. 7869 1 

. 7898 

. 7926 

•7954 

•7983 

* 8012 

, 8040 

.8069 

.8098 

^° 

39" 1 

.8098 

.8127 1 

.8156 

.8185 

.8214 

.8243 

.8273 

.8302 

•8332 

.8361 

*8391 

50° 

40 ** 

.8391 

.8421 

•8451 

. 8481 

-8511 

-8541 

•8571 

.8601 

. 8632 

.8662 

•8693 

49" 

41" 

1 Q 

.8693 

.8724 

•8754 1 

.8785 

. 8816 

. 8847 

. 8878 

. 8910 

. 8941 

.8972 

.9004 

48° 

42" 

1 - ^ 0 

.9004 

. 9036 

. 906 7 

.9099 

•9131 

.9163 

•9195 

.9228 

. 9260 

•9293 

•9325 1 

47 ° 

43 

1 0 

•9325 

•9358 

•9391 

. 9424 

-9457 

- 9490 

•9523 : 

•9556 

•9590 

.9623 

■9657 

46° 

44 

-9657 

. 9691 

-9725 

•9759 

•9793 

.9827 

.9861 1 

.9896 

•9930 

.9965 

1 .000 

45 " 

, 


•9 

.8 

•7 

.6 

•5 

-4 

•3 

.2 

•I j 

.0 



cot 
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tan 



.0 

.1 

.2 

•3 

•4 

•5 

.6 

•7 

.8 

•9 



45 *" 

I . cx>o 

1.003 

1 .007 

I .oil 

1 .014 

1 .018 

1 .021 

1.025 

1,028 

1.032 1 

1.036 

44 ® 

0 

46*^ 

1.036 

1.039 

1. 043 

1 . 046 

1.050 

1-054 

1.057 

1 .061 

1.065 

1.069 

1.072 

43 

- ^ 0 

47“ 

1.072 

I . 076 

1 .080 

1.084 

1.087 

1 .091 

1.095 

1 .099 

I. 103 ! 

1 . 107 

I . II I 

42 

0 

48° 

I . Ill 

I.II5 

1 . 118 

1. 122 

1.126 

I.I30 

1-134 

1.138 

1 . 142 

1 . 146 1 

1.150 

41 

49 ® 

1. 150 

1-154’ 

1. 159 

1.163 

1 . 167 

1 .171 

I- 17 S 

1.179 

1 . 183 

1 . 188 

1 . 192 

40® 

50® 

1 . 192 

I . 196 

1.200 

1 . 205 

1 . 209 

I.2I3 

I . 217 

1 .222 

1.226 

1 . 230 

1-235 

39 ® 

51® 

1-235 

1,239 

1 . 244 

1 . 248 

1-253 

1.257 

I . 262 ' 

1 . 266 

1 . 271 

1-275 

I . 280 

38® 

52° 

1 . 280 

I . 285 

1 . 289 

1 . 294 

1.299 

1.303 

1.308 

1-313 

1-317 

1-322 

1-327 

37 

jr 0 

53 ® 

1.327 

1-332 

1-337 

1-342 

1-347 

I.35I 

1-356 

1.361 

1 .366 

1-371 

1-376 

36 

54 ® 

1.376 

1.381 

1.387 

1-392 

1-397 

1.402 

1-407 

1 .412 

1.418 

1.423 ' 

1.428 

35 1 

55 ® 

1,428 

1.433 

1-439 

1-444 

1-450 

1-455 

I .460 

1.466 

1,471 

1-477 

1.483 

34 ® 

^ * 0 

56" 

I -483 

I . 488 1 

1-494 

1.499 

1-505 

1.511 

1-517 

1.522 

1 . 528 

1-534 

1 - 540 ' 

33 

_ ^ 0 

57 ® 

I • 540 

1.546 1 

1.552 

1-558 

1-564 

1-570 

1.576 

1 . 582 

1.588 

1 - 594 

1.600 

32 

_ 0 

58° 

1 . 600 

1.607 

1.613 

1 . 619 

1 .625 

1.632 

I . 638 

1.645 

1.651 

1 . 658 

I .664 

31 

59“ 

1 .664 

1.671 

I .678 

1 . 684 

1 .691 

1.698 

I . 704 

1 . 711 

1 . 718 

1-725 

1-732 

30 

60® 1 

1,732 

I ■ 739 

I . 746 

1-753 

1 . 760 

I . 767 

1-775 

I, 782 

1.789 

1-797 

I . 804 

29® 

_QO 

61® 

1 . 804 

1 .811 

I .819 

I .827 

1.834 

I . 842 

I .849 

1.857 

1.865 

1-873 

I . 881 

20 

62*^ 

1 .881 
1.063 

1.889 

1 .971 

1.897 

1.980 

1.905 

1.988 

1.913 

1.997 

I .921 

2.006 

1.929 

2.014 

1-937 

2.023 

1 . 946 
2.032 

1-954 

2.041 

1.963 

2.050 

27 

26® 

1 V 

64° 

2.050 

2.059 

2 . 069 

2.078 

2.087 

2.097 

2.106 

2.116 

2.125 

2.135 1 

2.145 

25 

65® 

2. 14s 

2.154 

2- 164 

2.174 

2.184 

2.194 

2 , 204 

2.215 

2.225 

2 . 236 

2 . 246 

24° 

66® 

2 . 246 

2. 257 

2 . 267 

2 . 278 

2. 289 

2.300 

2.311 

2.322 

2.333 

2 . 344 

2-356 

23 

67® 

68° 

2.356 

2.475 

2.367 

2.488 

2.379 

2.500 

2.391 

2-513 

2.402 

2.526 

2.414 

2.539 

2.426 

2-552 

2.438 

2.565 

2.450 

2.578 

2.463 

2.592 

2.475 

2-605 

22 

21® 

69*^ 

2.605 

2.619 

2 . 633 

2.646 

2 . 660 

2.67s 

2.689 

2 . 703 

2. 718 

2-733 

^ • 747 

20 

70® 

71® 

72® 

73 ® 

74 ° 

2.747 

2.904 

3-078 

3.271 

3-487 

2 . 762 
2.921 
3.096 
3.291 

3.51I 

2.778 

2.937 

3-115 

3.312 

3-534 

2- 793 
2.954 

3- 133 

3-333 

3-558 

2 . 808 

2.971 

3.152 

3.354 

3.582 

2 . 824 
2.989 
3.172 

3-376 

3.606 

2.840 

3.006 

3.191 

1 3-398 
3-630 

2.856 

3.024 

3-211 

3.420 

3-655 

2.872 

3.042 

3.230 

3-442 
3. 681 

2.888 

3.060 

3-251 

3-465 

3- 706 

2.904 

3-078 

3.271 

3-487 

3-732 

19® 

18® 

17 

16® 

15® 

A 

75 ® 

76® 

1 l-rM° 

77 

78® 

79 ® 

3 732 

4.01 1 

4.331 

4.705 

5.145 

3-758 

4.041 

4.366 

1 4-745 

5.193 

3- 785 

4- 071 
4.402 

4-787 

5.242 

3-812 

1 4. 102 

4.437 

4.829 

5.292 

3- 839 

4- 134 
4-474 

4- 872 

5 - 343 

3- 867 

4 - 165 

4-511 

4- 915 

5- 396 

3- 895 

4.198 

4- 548 

4- 959 

5 - 449 

3- 923 

4- 230 
4. ';86 

’ S-005 

5 - 503 

3- 952 

4. 264 

4- 625 

5- 050 
5-558 

3- 981 

4- 297 

4- 665 

5- 097 
5-614 

4.01 r 

4.33^ 

4.705 

5.145 

5.671 

14 

13® 

12® 

II® 

xo 

80® 

81® 

82® 

83® 

84® 

5-671 
6.314 
7-115 
8. 144 
9-514 

5 -730 

6.386 
7.207 
8. 264 

9-677 

5-789 

6.460 
7. 500 
8.386 

9.84s 

5-850 

6.535 

7-396 

8.513 

10.02 

5-912 

6.612 

7-495 

8.643 

10.20 

5-976 

6.691 

7-596 

8.777 

10.39 

. 6 . 04^ 

6.772 
7 . 700 

8.915 

10.58 

6.107 
6,855 
7.806 
9.058 
10. 78 

6.174 

■ 6.940 
7.916 
9.205 
10.99 

6-243 

7,026 

8.028 

1 9.357 
11.20 

6.314 

7 -II 5 
8. 144 
9.514 
! ir.43 

9 ® 

8 ® 

7 

6 ® 

5* 
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86" 
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88' 

89' 
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’ 19.08 
28.64 
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11.66 

14.67 

19.74 
^ 30-14 

) 63. 6^ 

II .91 

15.06 

20.45 

31.82 

71.62 

12. 16 
15.46 
21 . 20 
33-69 

1 81 .85 

12.43 

15.89 

22.02 

35.80 

95.49 

12.71 

16.35 

22.90 

38.19 

114.6 

13.00 

16.83 

23.86 

40.92 

143.2 

13-30 

17-34 

24.90 

44-07 

191.0 

13.62 

17.89 

26.03 

47.74 

286,5 

13-95 

18.46 

27.27 

52.08 
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14.30 

19.08 

28.64 

57.29 

00 
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3 ® 

2® 

0 
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Table B 

Table of Logaritbms to Base 10 


N 

0 

I 

2 

3 

4 

5 

6 

7 

8 

9 

I 

p. p. 
234 

5 

lO 

0000 

0043 

0086 

01 28 

01 70 

0212 

0253 

0294 

0334 

0374 

4 

8 

12 

17 

21 

II 

0414 

0453 

0492 

0531 

0569 

0607 

0645 

0682 

0719 

0755 

4 

8 

II 

15 

19 

12 

0792 

0828 

0864 

0899 

0934 

0969 

1004 

1038 

1072 

1 106 

3 

/ 

10 

14 

17 

13 

1139 

1173 

1206 

1239 

1271 

1303 

1335 

1367 

1399 

1430 

3 

6 

10 

13 

16 

14 

1461 

1492 

1523 

1553 

1584 

1614 

1644 

1673 

1703 

1732 

3 

6 

9 

12 

15 

15 

1761 

1790 

1818 

1847 

1875 

1903 

1931 

1959 

1987 

2014 

3 

6 

8 

1 1 

14 

16 

2041 

2068 

2095 

2122 

2148 

2175 

2201 

2227 

2253 

2279 

3 

5 

8 

ii 

13 

17 

2304 

2330 

235s 

2380 

2405 

2430 

2455 

2480 

2504 

2529 

2 

5 

7 

10 

12 

18 

2553 

2577 

2601 

2625 

2648 

2672 

2695 

2718 

2742 

2765 

2 

5 

7 

9 

12 

19 

2788 

2810 

2833 

2856 

2878 

29CX5 

2923 

2945 

2967 

2989 

2 

4 

7 

9 

II 

20 

3010 

3032 

3054 

307s 

3096 

3118 

3139 

3160 

3181 

3201 

2 

4 

6 

8 

II 

21 

3222 

3243 

3263 

3284 

3304 

3324 

3345 

3363 

3385 

3404 

2 

4 

6 

8 

10 

22 

3424 

3444 

3464 

3483 

3502 

3522 

3541 

3560 

3579 

3398 

2 

4 

6 

8 

10 1 

23 

3617 

3636 

3655 

3674 

3692 

3711 

3729 

3747 

3766 

3784 

2 

4 

5 

7 

9 

24 

3802 

3820 

3 ^ 3 ^ 

3^56 

3874 

3892 

3909 

3927 

3945 

3962 

2 

4 

0 

7 

9 

25 

3979 

3997 

4014 

4031 

4048 

4065 

4082 

4099 

4116 

4133 

2 

3 

5 

7 

9 

26 

4150 

4166 

4183 

4200 

4216 

4232 

4249 

4265 

4281 

4298 

2 

3 

5 

7 

8 

27 

4314 

4330 

4346 

4362 

4378 

4393 

4409 

4425 

4440 

4456 

2 

3 

5 

6 

8 

28 

4472 

4487 

4502 : 

4518 

4333 : 

4548 

4564 

4579 

1 4594 

4609 

2 

3 

5 

6 

8 

29 

4624 

4639 

4654 

4669 

4683 

4698 

4713 

4728 

4742 

4737 

I 

3 

4 

6 

7 

30 

4771 

4786 

4800 

4814 

^82 

4843 

4857 1 

4871 

4886 

4900 

I 

3 

4 

6 

7 

31 

4914 

4928 

4942 

4955 

4969 

49 S3 

4997 

5011 

5024 

5038 

I 

3 

4 

6 

7 

32 

5051 

5065 

5079 

5092 

5105 

5119 

5132 

5145 

5159 

3172 

I 

3 

4 


7 

33 

5185 

5198 

5211 

5224 

5237 

5250 

5263 

5276 

5289 

5302 

I 

3 

4 

5 

6 

34 

5315 

5328 

5340 

5333 

5366 

5378 

5391 

3403 

5416 

5428 

I 

3 

4 

5 

6 

35 

5441 

5453 

5465 

3478 

5490 

5502 

5514 

5527 

5539 

5551 

I 

2 

4 


6 

36 

5563 

5575 

5387 

5599 

5611 

5623 

5635 

3647 

5638 

5670 

I 

2 

4 

5 

6 

37 

5682 

5694 

5705 

5717 

5729 

5740 

5752 

5763 

5773 

3786 

I 

2 

3 


6 

38 

5798 

5809 

5821 

5832 

5843 

5855 

5866 

5877 

5888 

3899 

1 

2 

3 

5 

6 

39 

5911 

5922 

5933 

5944 

3955 

5966 

5977 

5988 

5999 

6010 

I 

2 

3 

4 

6 

40 

6021 

6031 

6042 

6053 

6064 

6075 

6085 

6096 

6107 

6117 

I 

2 

3 

4 

5 1 

41 

61 28 

6138 

6149 

6i6o 

6170 

6180 

6191 

6201 

6212 

6222 1 

I 

2 

3 

4 


42 

6232 

6243 

6253 

6263 

6274 

6284 

6294 

6304 

6314 

6325 

I 

2 

3 

4 

5 

43 

; 6335 

6345 

6353 

6365 

6375 

6385 

6393 

6405 

6413 

6425 

I 

2 

3 

4 

5 

44 

6433 

6444 

<^454 

6464 

6474 

6484 

6493 

6503 

6313 

6522 

I 

2 

3 

4 

5 

45 

6532 

6542 

6551 

6561 

6571 

6580 

6590 

6599 

6609 

6618 

I 

2 

3 

4 

5 

46 

6628 

6637 

6646 

6656 

666 $ 

6675 

6684 

6693 

6702 

6712 

I 

2 

3 

4 


47 

6721 

6730 

6739 

6749 

6758 

6767 

6776 

6785 

6794 

6803 

X 

2 

3 

4 

5 

48 

6812 

6821 

6830 

6839 

6848 

6857 

6866 

6875 

6884 

6893 

I 

2 

3 

4 

4 

49 

6902 

6911 

6920 

6928 

6937 

6946 

6955 

6964 

6972 

6981 

I 

2 

3 

4 

4 

50 

6990 

6998 

7007 

7016 

7024 

7033 

7042 

7050 

7039 

7067 

I 

2 

3 

3 

4 

51 

7076 

7084 

7093 

7101 

7110 

7118 

7126 

7135 

7143 

7132 

I 

2 

3 

3 

4 

52 1 

7160 

7168 

7177 

7185 

7193 

7202 

7210 

7218 

7226 

723s 

I 

2 

2 

3 

4 

53 

7243 

7251 

7259 

7267 

7275 

7284 

7292 

7300 

7308 

7316 

I 

2 

2 

3 

4 

54 

7324 

7332 

7340 

7348 

7356 

7364 

7372 

7380 

7388 

7396 

I 

2 

2 

3 

4 
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Note: 


logj-V =log«io logioiV = 2.3026 logioiV^ 
logioc* = A: logioc = 0.43429 X 



y 

0 

I 

2 

3 , 

4 

5 

6 

7 

8 

9 

p. p. 

123451 

55 

7404 

7412 

7419 

7427 

7435 

7443 

7451 

7459 

7466 

7474 

12234 

56 

74S2 

7490 

7497 

7505 

7513 

7520 

7528 

7536 

7543 

7551 

12234 

57 

7559 

7566 

7574 

7582 

7589 

7597 

7604 

7612 

7619 

7627 

1 2 234 

58 

7634 

7642 

7649 

7657 

7664 

7672 

7679 

7686 

7694 

7701 

I I 234 

59 

7709 

7716 

7723 

7731 

7738 

7745 

7752 

7760 

7767 

7774 

11234 

60 

7782 

7789 

7796 

7803 

7810 

7818 

7825 

7832 

7839 

7846 

I I 234! 

61 

7S53 

7860 

7868 

7875 

7882 

7889 

7896 

7903 

7910 

7917 

11234 

62 

7924 

7931 

7938 

7945 

7952 

7959 

7966 

7973 

7980 

7987 

11233 

63 

7993 

8000 

8007 

8014 

8021 

8028 

803 s 

8041 

8048 

8055 

11233 

64 

8062 1 

8069 

8075 

8082 

8089 

8096 

8102 

8109 

8116 

8122 ! 

11233 

65 

8129 

8136 

8142 

8149 

8156 

8162 

8169 

8176 

8182 

8189 

11233 

66 

8195 

8202 

8209 

8215 

8222 

8228 

823s 

8241 

8248 

8254 

11233 

67 

8261 

8267 

8274 

8280 

8287 

8293 

8299 

8306 

8312 

8319 

11233 

68 

8325 

8331 

S338 

8344 

8351 

8357 

8363 

8370 

8376 

8382 

11233 

69 

8388 

839s 

8401 

8407 

8414 

8420 

8426 

8432 

8439 

8445 

I I 233 

70 

8451 : 

8457 

8463 

8470 

8476 

8482 

8488 

8494 

8500 

8506 

I I 2 2 3 

71 

8^13 

8519 

8525I 

8531 

8537 

8543 

8549 

8555 

8561 

8567 

H 

H 

72 

8573 ^ 

8579 

8583 

8591 

8597 

8603 

8609 

8615 

8621 

8627 

I I 2 2 3 

73 

8633 

8639 

8645 

8651 

8657 

8663 

8669 

8675 

8681 

8686 

I I 2 2 3 1 

74 

8692 

8698 

8704 

8710 

8716 

8722 

8727 

8733 

8739 

8745 

I I 2 2 3 

75 

8751 

8756 

8762 

8768 

8774 

8779 

8785 

8791 

8797 

8802 

I I 2 2 3 

76 

8808 

8814 

8820 

8823 

8831 

8837 

8842 ' 

8848 

8854 

8859 

I I 2 2 3 

77 

8863 

8S7I 

8876 

8882 

8887 

8893 

8899 

8904 

1 8910 

8915 

I I 2 2 3 

78 

8921 

8927 

8932 

8938 

8943 

8949 

8954 

8960 

896s 

8971 

I I 2 2 3 

79 

8976 

8982 

8987 

8993 

8998 

9004 

9009 

9015 

9020 

9025 

I I 2 2 3 ! 

80 

9031 

903^ 

9042 

9047 

9053 

9058 

9063 

9069 

9074 

9079 

I I 2 2 3 

81 

9085 

QOQO 

9096 

9101 

9106 

9112 

9117 

9122 

9128 

: 9133 

I I 2 2 3 

82 

9138 

9143 

9149 

9154 

9159 

9165 

9170 

917s 

9180 

9186 

I I 2 2 3 

83 

OIQI 

9196 

9201 

9206 

9212 

9217 

9222 

9227 

9232 

9238 

I I 2 2 3 

84 

9^43 

9248 

9253 

9258 

9263 

9269 

9274 

9279 

9284 

9289 

I I 2 2 3 

85 

9294 

9299 

93°4 

9309 

9315 

9320 

9325 

9330 

9335 

9340 

I I 2 2 3 

86 

9345 

9350 

93 S 5 

9360 

9365 

9370 

9375 

9380 

9385 

9390 

I I 2 2 3 

87 

9395 

9400 

940s 

9410 

9415 

9420 

9425 

9430 

9435 

9440 

0 I I 2 2 

88 

9445 

9450 

9455 

9460 

9465 

9469 

9474 

9479 

9484 

9489 

0 I I 2 2 

89 

9494 

9499 

9504 

9509 

9513 

9518 

9523 

9528 

9533 

9538 

0 I I 2 2 

90 

9542 

9547 

9552 

9557 

9562 

9566 

9571 

9576 

9581 

9586 

0 I I 2 2 

91 

9590 

9595 

9600 

9605 

9609 

9614 

9619 

' 9624 

9628 

9633 

0 ^ ^ 2 2 

4IF 

92 

9638 

9643 

9647 

9652 

9657 

9661 

9666 

9671 

9675 

9680 

0 I I 2 2 

jm. -nr X ^ 0 

93 

9685 

1 9689 

9694 

9699 

9703 

9708 

9713 

9717 

9722 

i 9727 

0 I I ^ ^ 

94 

9731 

9736 

9741 

9745 

9750 

9754 

9759 

9763 

9768 

j 9773 

0 112^ 

05 

0777 

9782 

9786 

9791 

' 9795 

9800 

9805 

9809 

9814 

9818 

0 I I 2 2 

06 

^ i 9 9 

QS23 

9827 

9832 

9836 

9841 

9845 

9850 

9854 

9859 

' 9S63 

0 I I * * 

^ X T 0 ^ 

97 

9868 

9872 

9877 

9881 

9886 

9890 

9894 

9899 

9903 

9908 

0 I X A * 

n T T 2 2 

98 

001 2 

9917 

9921 

9926 

9930 

9934 

9939 

9943 

9948 

9952 

T T 0 2 

99 

9956 

9961 

996s 

9969 

9974 

9978 

9983 

1 9987 

9991 

1 999 ^ 

0 i J. * * 
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Air (dry) 

Carbon dioxide 
Helium 


Alcohol, ethyl 

Carbon tetrachloride 
Ether, ethyl 


Aluminum 

Brass (70% Cu; 30% Zn) 

Copper 

Glass (common) 

Gold 

Iron 

Platinum. 


Table C 
Densities 

(Grams per cubic centimeter) 

Gases (0®C, 76 cm Hg) 

0 . 001293 Hydrogen . 

0.001965 Oxygen... 

0.0001784 


Liquids (20°C) 

0.789 Mercury 

1.60 Water.. 

0.715 


Solids 


2.70 

8.44 

8.87 

2.4 to 2.6 
19.3 

7.87 
21.5 


Silver. . . 
Tungsten 
Wood: 
maple . 
oak. . . 
pine . . . 
cork . . . 


0.00008988 

0.001429 


13 . 546 
0.998 


10.5 

18.8 

0.6 to 0.9 
0.6 to 0.9 
0.4 to 0.7 
0 . 2 to 0 . 3 
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Table D 

Saturated Aqueous Vapor Pressure 


Tc7n perature. 

Vapor pressure., 

Temperature, 

Vapor pressure 


mm Hg 

°C 

mm Hg 

-10 

2.0 

97.0 

682.0 

— 9 

2.1 

97.2 

687.0 

- 8 

2.3 

97.4 

692.0 

— 7 

2.6 

97.6 

697.1 

- 6 

2.8 

97.8 

702.2 

— 5 

3.0 

98.0 

707.3 

— 4 

3.3 

98.2 

712.4 

- 3 

3.6 

98.4 

717.5 

w> 

3.9 

98 . 6 

722.7 

- 1 

4.2 

98.8 

728.0 

0 

4 . 6 

99.0 

733.3 

1 

4.9 

99.2 

738.5 

o 

5 . 3 

99.4 

743.8 

3 

5.7 

99.6 

749.1 

4 

6.1 

99.8 

754.5 

5 

6 . 5 

100.0 

760.0 

6 

7.0 

100.2 

765.5 

7 

7.3 

100.4 

771.0 

8 

8.0 

100.6 

776.5 

9 

8.6 

100.8 

782.0 

10 

9.2 



11 

9.8 



1^ 

10.5 



13 

11.2 



14 

12.0 



15 

12.8 



16 

13.6 



17 

14.5 



18 

15.5 



19 

16.5 



50 

17.6 



21 

18.7 



22 

19.8 



23 

21.1 



24 

22 . 4 



25 

23 . 8 



26 

25 . 2 



27 

26.8 



28 

28.4 



29 

30.1 



30 

31.9 



31 

33.7 



32 

35.7 



33 

37.8 



34 

40.0 



35 

42.2 



36 

44.6 



37 

47.1 



38 

49.8 



39 

52.5 



40 

55.4 
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Table E 


Coefficients of Linear Expansion; Specific Heats 


Substance 

Coefficient 

Specific heat 

A 1 * 

^ ^ M wL * Jfc IL AH LA AAA ****«#**« *4 

22.2 X 10-V°C 

0.210 

Brass (70% Cu; 30% Zn) 

18.8 

0.089 

Copper 

16.2 

0.092 

Iron, steel 

11.7 

0.104 

Glass 

8.0 

0.19 

Lead 

29.4 

0.031 

Pyrex 

3.3 

0.20 


Table F 

Barometer Correction 

(Brass scale correct at 0°C. The correction is to be subtracted from the observed height.) 


Temperature 

°C 

Correction in 

mm Hg if observed height is 

720 mm 

740 mm 

760 mm 

15 

1.8 

1.8 

1.9 

16 

1.9 

1.9 

2.0 

17 

2.0 

2.0 

2.1 

18 

2.1 

2 . 2 

2.2 

19 

2.2 

2.3 

2.3 

20 

2.3 

2.4 

2.5 

21 

2.5 

2.5 

2.6 

22 

2.6 

2.6 

2.7 

23 

2.7 

2.8 

2.8 

24 

2.8 

2.9 

3.0 

25 

2.9 

3.0 

3.1 

26 

3.0 

3.1 

3.2 

27 

3.2 

3.2 

3.3 

28 

3.3 

3.4 

3.5 

29 

3.4 

3.5 

3.6 

30 

3.5 

3.6 

3.7 

31 

3.6 

3.7 

3.8 

32 

3.7 

3.8 

4 . 0 

33 

3.9 

4.0 

4.1 

34 

4.0 

4.1 

4.2 

35 

4.1 

4.2 

4.3 


Indexes of Refraction 


Substance 

Sodium D line (5890 A) 

Mercury green line (5461 A) 

Water (20‘’C) 

1 . 3330 

1 . 3345 

Glass, crown 

j 1.5170 

1.5191 

Glass, flint 

1 . 6499 

1 . 6546 

Alcohol, amyl 

1.41 


Alcohol, ethyl 

1.367 


Carbon tetrachloride 

1.464 


Lucite 

1.51 


Turpentine 

; 

1.47 



« 





Lithium flame 


5770 y 
5791 y 

6152 o 
6232 o 

4132 V 
4602 b 
6104 o 
6708 r 


Sodium flame: 


Strontium flame 


5890 y (D 2 line) 
5896 y 

4607 b 
6387 o 


Table J 

CoeflScients of Kinetic Friction 


Stir faces 

Metals on hardwood^ dry 
Metals on hardwood, wet 
Metals on metals, dry. . . 
Aletals on metals, wet. . . 
Wood on wood, drv. .... 

Steel on agate, dry 

Steel on agate, oiled 

Smooth surfaces, oiled. . . 
Rolling friction 


Coefficient 

0.5 to 0.6 
0.£4 to 0.£6 
0.15 to 0.£0 
0.3 

0.25 to 0.5 
0.20 
0.107 

0 . 05 to 0 . 08 
0 . 004 to 0 . 006 




Table K 


mal emf’s 

for Cop 

June 

temp, 

Emf, 

mv 

— 200 

5.54 

— 190 

5.38 

— 180 

5.20 

-170 

5.02 

— 160 

4.82 

— 150 

4.60 

— 140 

4.38 

— 130 

4 . 14 

— 120 

3.89 

-110 

3.62 

— 100 

3.35 

— 90 

3.06 

— 80 

2.77 

— 70 

2.46 

— 60 

2.14 

— 50 

1.81 

— 40 

1.47 

— 30 

1.11 

— 20 

0.75 

— 10 

0.38 

— 0 

0.00 


(One junction at 0°C) 


mv 


0.16 

0.18 

0.18 

0.20 

0.22 

0.22 

0.24 

0.25 

0.27 

0.27 

0.29 

0.29 

0.31 

0.32 

0.33 

0.34 

0.36 

0.36 

0.37 

0.38 


unc 

ip, °c 

Emf, 

mv 

0 

0.00 

10 

0.39 

20 

0.79 

30 

1.19 

40 

1.61 

50 

2.03 

60 

2.47 

70 

2.91 

80 

3.36 

90 

3.81 

100 

4.28 

110 

4.75 

120 

5.23 

130 

5.71 

140 

6.20 

150 

6.70 

160 

7.21 

170 

7.72 

180 

8.23 

190 

8.76 

200 

9.29 

210 

9.82 

220 

10.36 

230 

10.91 

240 

11.46 

250 

12.01 

260 

12.57 

270 

13.14 

280 

13.71 

290 

14.28 

300 

14.86 


Diff, 

mv 


0.39 

0.40 

0.40 

0.42 

0.42 

0 . 44 

0.44 

0.45 

0.45 

0.47 

0.47 

0.48 

0.48 

0.49 

0.50 

0.51 

0.51 

0.51 

0.53 

0.53 

0.53 

0.54 

0.55 

0 . 55 

0.55 

0.56 

0.57 

0.57 

0.57 

0.58 
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Table L 

Miscellaneous Constants and Numbers 


Name 


Absolute zero 

Alpha particle, rest mass 

Alpha particle, number emitted per second from a 1-millicurie source 
Angstrom unit. 

Avogadro's number 

Boltzman's constant 

e (base of natural logs) 

logio c 

Earth's magnetic field, horizontal component (Minneapolis) 

Earth’s magnetic field, vertical component (Minneapolis) 

Electron, charge 

Electron, rest mass 

Electron, charge/mass ratio 

Electron volt; one ev is equivalent to 


Faraday 

Gas constant 

Horsepower 

Inch 

Latent heat of fusion of H 2 O 

Latent heat of vaporization of H 2 O 
Mechanical equivalent of heat 

Pi 

logic TT 

Planck’s constant 

Pound • 

Pressure coeflScient, perfect gas. . . . 


*■ 




Specific heat ratio, — (air) . . 

Cy 

Standard conditions. 

Surface tension of H 2 O (at 20*^C) . 

Velocity of light (vacuum) 

Velocitv of sound (dry air at 0°C) 


***** 




4 • i 


* • 


* ■ * * 


Symbol 

Value 

0°K 

- 273 . 1 6*C 

rtla 

6.598 X 10-2< gm 

* * 

3.71 X lOVsec 

A 

10“® cm 

No 

6.023 X lO^Vmol 

k 

1.380.5 X 10-i« erg/deg 

e 

2.71828 

* • 

0 . 43429 

H 

0.17 oersted 

V 

0 . 59 oersted 

e 

1.6008 X 10“^* coulomb 

rrio 

9.1066 X 10“^^ gm 

e/m 

1.759 X 10" abs emu/gro 

ev 

1 . 59 X 10“*' erg 

1 . 16 X 10^ deg Abs 

1.07 X 10“® mass unit 
1.77 X 10-33 gm 

12,336 A 

F 

96,489 coulombs/equivalent 

R 

8.314 X 10^ erg/mol deg 

hp 

550 ft-lb/sec 

in. 

2 . 540 cm 

Lf 

79 . 6 cal/gm 

L, 

539 cal/gm 

J 

4 . 185 joules/cal 

TT 

3.14159 

m * 

0.49715 

h 

6 . 624 X 10“*^ erg sec 

lb 

453 . 59 gra 

CCp 

0 . 00367/°C 

T 

1.402 

Po, To 

760 mm Hg, 0®C 

T 

73 dynes/cm 

c 

2 9989 X 10‘® cm/sec 

Va 

3.3136 X 10^ cm/sec 


Elastic Constants 

(dynes per square centimeter) 


Substance 

Elasticity 
(Young’s modulus) 

j 

Aluminum 

6.8 to 7.1 X 10“ 

Brass 

9 to 11 

Copper 

11 to 13 

CxlsLSS. * 

4 to 6 

Mercury 

# * * V 

Steel 

20.0 to 20.5 

Water. 

1 * , * * 


Rigidity 

(shear modulus) 

Volume elasticity 
(bulk modulus) 

2.4 to 2.6 X 10“ 

7.5 X 10 “ 

3 . 5 to 4 . 1 

11 

4.1 to 4.7 

13 

1.6 to 2.4 

4 

* « • • 

0.26 

7.3 to 8.3 

16 


0.20 
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Table N 


Substance 
Aluminum . . . 

Copper 

Iron 

Lead, 

Molybdenum . 
Nickel 


Work Functions 
(adapted from Smithsonian Tables) 


Work function {wo) Work function (wo) 

Electron Volts Substance Electron Volts 

2.70 Platinum 6.27 

2.75 Silver 3.55 

2.80 Tantalum 4.07 

...... 3.80 Tungsten 4.52 

4.44 Zinc 2.65 

2.70 Zirconium 4.13 


Table P 

Acceleration Due to Gravity 

The acceleration due to gravity at various latitudes and altitudes above 
sea level may be obtained by interpolation from the table below, or by use of 
the following approximate formula : 

g = 978.04 + 5.17 sin^ X - 0.000092A, (cm/sec^) 
where X is the latitude in degrees and A is the altitude above sea level in feet. 


Latitude 

g {sea level) 

Altitude 

Subtract 

20*" 

978.64 cm/sec^ 

500 ft 

0.05 cm/sec 

25 

978 , 96 

1000 

0.09 

30 

979 . 33 

1500 

0.14 

35 

979 . 74 

2000 

0.18 

40 

980.17 

2500 

0.23 

45 

980 . 62 

3000 

0. 28 

50 

981.07 

3500 

0.32 

55 

981.51 

4000 

0.37 



4500 

0.41 



5000 

0.46 


Table Q 


Standardizing Factors for W^ratten Filters and Tungsten Filament at 3000 K 


Color 

Filter No. 

X 

Sx 

Infrared 

88* 

8700 A 

5.8 


29* 

7000 1 

1.7 

Red 

26 

6800 

1.6 

Orange-red 

71A* 

6500 

0.078 

Green 

53* 

5400 

0.075 

Green 

61 

5300 

0.16 

Green 

58 

5200 

0.17 

Green 

60 

5200 

0.23 


67* 

5100 

0.20 

Green 

69 

5100 

0.28 

Blue 

49 

4500 

0.028 

Blue 

4 9 A* 

4500 

0.067 

Violet 

39* 

3800 

0.10 


* Preferred. 


_ J\f\ AX 
^ 1000 

where J\ = relative intensity of tungsten filament (Jeooo == 1.0), 
f\ = transmission coefficient of filter at wave length X, 

AX = effective band width of filter in angstrom units. 
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Table R 


Temperature of a Tungsten Filament’*' 

The absolute temperature of a long uniform 
tungsten filament is related to the current in the 
filament, i/, and to the diameter of the filament, d, 
as shown in the following table. (End effects 
neglected.) 


yoK 

* 1 

,, „ amp/cm*''* 

Differences 

500 

47.6 

o'y ft 

600 

75.2 

% i .o 

QQ O 1 

700 

108 

OO , 55 

A.f\ 

800 

148 


900 

193 

1 

1000 

244 

o± 

1100 

301 

57 

1200 

363 

1 

1300 

431 

I/O L 

73 

1400 

504 

I Cf 1 

77 

1500 

581 



81 

1600 

662 1 

85 1 

1700 

747 

89 

1800 

836 

1 

91 

1900 

927 

V 1 

95 

2000 

1022 

V 1 



97 

2100 

1119 

98 

2200 

1217 

1 1 

102 

2300 

1319 

103 

2400 

1422 

104 

2500 

1526 




106 

2600 

1632 

109 

2700 

1741 

108 

2800 

1849 

112 

2900 

1961 

111 

3000 

2072 




115 

3100 

2187 

114 

3200 

2301 

117 

3300 

2418 

110 

3400 

2537 

120 

3500 

2657 

120 

3600 

2777 



* Adapted from The Characteristics of Tungsten Filaments 
General Electric Review 30, pp. 310-319. June 1927. 
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A 

Abscissa, 6 

Absolute measurement: 

of acceleration due to gravity, 16, 28 
of current and charge, 76 
of density, 8, 46 

of mechanical equivalent of heat, 57 
of power, 33 
of surface tension, 43 
of work, 33 
Absolute zero, 54 
Absorption coefficient, light, 179 
Acceleration: 
centripetal, 25 
due to gravity, 16, 20, 28 
table, 227 

Accommodation, of eye, 160 

Accuracy of procedures, 1 

Adiabatic compression, 147 

Air, density of, 46, 221 

Alternating current circuit, 106 

Ammeter, 78, 204 

Amplification factor. 111 

Amplifier, vacuum tube, 117, 122, 212 

Analytical balance, 47, 209 

Analytical weights, 47, 209 

Angle: 

of contact, 44 
of dip, 101 

of incidence, reflection, and refraction, 
153, 154, 167 

of minimum deviation, 154, 167 
of prism, 167 
phase, 106, 213 
Angstrom Unit, 226 
Angular displacement, 38 
Angular measurement, 190 
Anode, 76 

Antinode, 142, 146, 149 
Anti-resultant, 11 
Aqueous vapor pressure, 62 
table, 222 

Archimedes* principle, 41 
Arrestment, of balance, 209 
Astronomical telescope, 160, 162 
Atmospheric pressure, 47, 54, 148 
Atomic weight, 77 
Autotransformer, 198 
Average deviation from mean, 1 
Avogadro’s number, 77, 226 
Ayrton shunt, 201 

B 

Balance: 

analytical, 209 


Balance (cont.): 
trip, 8 

Ballistic galvanometer, 70, 100, 103, 201 
Ballistic pendulum, 20 
Barometer, 194 

table of corrections for, 223 
Barrier, potential, 127, 133 
Blackwood apparatus, 20 
Block and tackle, 35 
Boiling point of water, 53 
table, 222 

Buoyancy effect, 41, 49, 211 

C 

Calibration : 

of condenser, 70 
of gas thermometer, 52 
of oscillator, 116, 123 
of oscilloscope, 123, 211 
of potentiometer, 90 
of spectroscope, 177 
of thermocouple, 92 
of voltmeter, 90 
Caliper: 

micrometer, 191 
vernier, 189 
Calorie, 57, 59, 73 
Calorimeter, 57, 59, 73 
Candle power, 178 
Capacitance, 70, 106, 122, 197 
Capillary action, 43 
Carbon dioxide, sublimation, 56, 93 
Carbon lamp, 78 
Cathetometer, 30 
Cathode, 76, 112 

Cathode-ray oscilloscope, 114, 211 
Cell: 
dry, 198 
emf of, 88 

photoelectric, 179, 183 
standard, 89, 198 
storage, 198 

Center of mass (gravity), 20, 39 
Center of oscillation (percussion), 22 
Centigrade scale, 52 
Centripetal force, 25 
Characteristics, of vacuum tubes. 111, 
214 

Charge, 70, 201, 202 
Charging time, of capacitances, 71 
Child-Langmuir relation, 133 
Clapyron equation, 128 
Collimator, 168, 206 
Comparison method of measurement, 
47, 70, 80, 178 
Components, of force, 11 


Components, of impedance, 107 
Composition of forces, 11 
Compound microscope, 163 
Compressibility (table), 226 
Compressional wave, 145, 149 
Computations, 6, 7 
Concave lens, 157, 159 
Concurrent forces, 11 
Condenser, 70, 107, 122, 197 
Conduct, rules of, 6, 65 
Conductor: 

potential in a field, 66 
resistance of, 78, 80 
Conjugate foci, 158 
Conservation of energy, 96 
Constantan wire, 92, 225 
Constants, miscellaneous (table), 226 
Converging lens, 157, 158 
Convex lens, 157, 158 
Coordinates, 6, 113 
Copper : 

electrochemical equivalent of, 76 
as thermocouple element, 92, 225 
Cosines (table), 215 
Coulomb, 70, 77 
Coulomb sensitivity, 201 
Coulometer, 77 

Current, measurement of, 76, 78, 199, 
204 

Current sensitivity, 84 

D 

Damping, critical, 202 
Damping, of galvanometer, 201, 202 
d’Arsonval movement, 199, 203 
Data, recording of, 7 
Dead beat, 202 
Density: 
of air, 46 
of liquids, 41 
of solids, 8, 41 
table, 221 

Determinate errors, 2 

Deviation, angle of, 154, 167 

Deviation, average, from mean value, 1 

Dew point, 62 

Dewar flask, 92 

Dial bridge, 82 

Dielectric, 198 

Difference, methods of calculation, 18 

Diffraction grating, 173 

Diode, 110, 127, 132, 137, 214 

Dip, magnetic, 101 

D.C. restorer, 121 

Diverging lens, 157, 159 
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INDEX 


E 

f m for electrons, 137, 

Earth inductor, 99 

Edi son effect, 110 

Efficiency : 

% 

of incandescent lamp, 180 
of simple machines, 35 
Elastic constants (fable), 

Electric fields. 66 
Electrical circuit elements, 195 
Electrochemical equivalent, 76 
Electrolysis. 76 
Electrolytic condenser, 198 
Electromagnetic induction, 96, 99, 103 
Electromotive force, 9^, 96 
Electron, 76, 110, 1^7, 13'2, 137, 183 
data on, '^'26 
Electron gun, •211 
Electron volt, ‘^'26 
Elevation, apparent, 155 
Elongation: 

of heated rod, 50 
of spiral spring, 30 
Emission: 

photoelectric, 183 
thermionic, 110, 1'27, 13^ 

Energy*, conservation of, 96 
Energy’, conversion factors, 9'26 
Energj’, kinetic: 
of projectile, ?1 
of spiral spring, 30 
Energy* transformation, 57, 73 
Encyclopedias (list)* 187 
Equilibrium: 
of forces, 10 
thermal, 53, 58 
Equipotentials, 67 
Equivalent circuit, 117, 125 
Equivalent, water, of thermometer, 58, 
59, 75 

Error interval, 2 

Errors, r, 1 

Exit pupil, 163, 164! 

Expansion coefficient: 
linear, 50 
table, 223 

volume (cubical). 55 
Eye lens (eyepiece), 162, 163 
Eye ring, 163, 164 

F 

FP400 vacuum tube, 127, 132, 137, 214 
Falling body, 16 
Farad, 70, 107 
Faraday, 226 

Faradav’s law of electromagnetic induc- 
tion, 96, 100, 103, 205 
Faraday’s laws of electrolysis, 76 
Fermi-Dirac statistics, 128 
Field: 

electric, 66, 67 
magnetic, 66, 68, 99 
Figure of merit, 84 
Filament, 110, 127, 132 
Filters, light, 185 
table, 227 

Flux, magnetic, 96, 205 
Flux standards, 104, 205 


Focal length of lens, 157 
Focus, 157, 160 
Foot candle, 178 
Force constant of spring, 30, 31 
Force field, 66 
Force table, 10 
Freezing point: 
of mercury, 94 
of water, 53 

Frequency characteristics of amplifier, 
122 

Frequency comparison, 116, 212 
Frequency of vibration, 142 
Friction, 13 
tahley 224 
Friction cones, 57 
Fusion, latent heat of, 59, 94 

G 

Gain, of amplifier stage, 117 
Galvanometer: 

adjustment of, 201 
ballistic, 201 
d’Arsonvai, 199 
reflecting, 200 
resistance of, 85 
sensitivity of, 84, 199 
table type, 200 
Gas law’, 46 
Gas thermometer, 52 
Gauss, 100 

Gauss eyepiece, 206, 208 
Gear train, 36 
Graphical analysis, 6 
Grating, diffraction, 173 
Gravity, acceleration due to, 16, 28 
tabley 227 

Grease spot photometer, 178 
Grid, of vacuum tube. 111 
Grid cut-off, 123 

H 

Half-power frequencies, 122 

Handbooks (list), 187 

Harmonic motion, 28, 30, 142 

Heat of fusion, 59, 94 

Heat, mechanical equivalent of, 57, 73 

Helium thermometer, 52 

Henry, 103, 107 

Hibbert standard, 104, 205 

Hooke’s law, 30 

Horsepower, 33, 226 

Humidity, 62 

Huygens’ principle, 173 

Hygrodeik, 63 

I 

Ice, heat of fusion of, 59 
Ice point, 53 
Ideal gas, 53 
Illumination, 178 
Image, 152, 157, 160 
Impedance, 107 
Incandescent lamp, 78, 178 
Incidence, angle of, 153, 167 
Inclined plane, 13 
Indeterminate errors, 1 
Index of refraction, 155, 168 
table, 223 


Induction, electromagnetic, 96, 99, 103 
Inductor, earth, 99 
Inertia, moment of, 38 
Instructions: 

for electricity laboratory, 65 
for general laboratory, 6 
Intensity: 

of illumination, 178 
of magnetic field, 100 
Interference of light, 173 ^ 

Inverse square law for light, 178 
Ions, 76 

J 

Jolly balance, 44 

Joule’s constant, 57, 73, 226 

K 

Kelvin temperature scale, 53 
Kinetic energy, 21, 30 
Kinetic friction, 13 
table, 224 

Kundt’s tube, 149 

L 

Laboratory rules, 6, 65 
Lagrange’s theorem of moment of in- 
ertia, 39 

Lami’s theorem, 10 
Latent heat: 

of fusion, 59, 226 
of vaporization, 226 
Least count of vernier, 190 
Length, measurement of, 8, 189, 191, 192 
Lenses, 157, 160 
Lenz’s law, 96 
Lever, optical, 200 
Light : 

absorption of, 179 
flux intensity of, 178 
velocity of, 226 
Line of force, 66 
Linear expansion, 50 
table, 223 

Lissajous figures, 114, 212 
Lithium, spectral lines (table), 224 
Logarithms : 

computation with, 6 
table, 219 

Longitudinal waves, 149 
Loop, wave motion, 142 
Lost motion in micrometer, 192 

M 

Machines, simple, 35 
Magnetic coupling, 103 
Magnetic dip, 101 
Magnetic field, 66 
of earth, 99, 226 
Magnetic induction, 96 
Magnetic poles, 68 
Magnetic standards, 205 
Magnetron, 137, 139 
Magnifier, simple, 160 
Magnifying power, 160 
Manuals, laboratory (list), 187 
Mass, measurement of, 8, 209 
Mean value, 1 
Mechanical advantage, 35 
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Mechanical equivalent of heat, 57, 7?, 
226 

Melde^s wire, 143 
Mercury: 

expansion in barometer, 223 
freezing point, 94 
spectral lines {table) 224 
Metric system, 6 
Micrometer caliper, 191 
Micrometer microscope, 192 
Microscope: 

simple compound, 163 
travelling, 192 
Mid-frequency, 122 
Minimum deviation, 154, 168 
Mirror : 

on galvanometer, 200 
reflection from, 152 
Mirror scale, on meters, 194 
Modulus: 

bulk (volume), 146 
iahle^ 226 

of rigidity (shear), 38 
iahle^ 226 

Young’s {tahle)^ 226 
Moment of inertia, 22, 38 
Momentum, 21 
Mutual inductance, 103 

N 

Node, 142, 146, 149 
Normal force, 13 

Null method of measurement, 80, 88, 93 
Numerical aperture, 164 

O 

Objective lens, 162, 163 
Ocular lens, 162, 163 
Ohm’s law, 78, 80 
Ohmmeter, 204 
Optical bench, 157 
Optical instruments, 160 
Optical lever, 200 
Ordinate, 6, 113 
Oscillator, 116, 124 
Oscilloscope, 114, 211 

P 

Parallax, 158, 194 
Parallel capacitances, 71 
Parallel lines of force, 66 
Parallel rays of light, 158 
Parallel resistances, 82 
Partial deflection method for galvanom- 
eter resistance, 85 
Partial pressure, 62 
Pendulum : 
ballistic, 20 
simple, 28 
torsion, 37 
Pentode, 196 
Percentage error, 3, 4 
Percussion, center of, 22 
Period of vibration, 28, 30, 37 
Phase : 

in A.C. amplifier, 122, 125 
in A.C. circuits, 106 
determination with oscilloscope, 213 


Phosphorescent screen, 211 

Photoelectric threshold, 183 

Photoelectric tube, 183 

Photometer, 178 

Photon, 183 

Photovoltaic cell, 179 

Planck’s constant, 184, 226 

Plate, of vacuum tube, 110 

Plate saturation, 123 

Plotting of curves, 6 

Pole, of magnet, 66 

Potassium, spectral lines {table) y 224 

Potential, 66 

Potential barrier, 127, 133 
Potential difference, 66, 78, 88 
Potentiometer, 88, 93, 197 
Power : 

electrical, 78, 106, 204 
magnifying, of lens, 160 
magnifying, of optical instruments, 
160 

mechanical, 33 
Power factor, 106, 204 
Precision of measurements, 1 
Pressure ; 

of aqueous vapor, 62 
table y 222 
of gas, 46, 52 

Pressure coefficient, 54, 226 
Primary circuit, 97, 100, 103 
Principal focus, 158 
Prism angle, 167 
Projectile, velocity of, 20 
Prony brake, 33 
Psychrometer, 63 
Pyrometer : 
optical, 128 
radiation, 128 

Q 

Quantum of light, 183 

R 

Radiation: 

of heat, error due to, 58, 59 
of point source of light, 178 
Radius of gyration, 22 
Ratings of electrical equipment, 65 
Reactance, 107, 122 
Rectifier, 114 
References (list), 187 
Reflecting galvanometer, 84, 200 
Reflection, 152 
Refraction, 153 
Refractive index, 155, 167 
tahley 223 

Reinforcement of waves, 142, 146, 149, 
173 

Relative humidity, 62 
Resistance : 

critical damping value, 202 
definition, 80 
load of amplifier, 117, 122 
measurement by ammeter-voltmeter 
method, 78 

measurement by Wheatstone bridge 
method, 80 
of a galvanometer, 85 
of a lamp, 78 

of resistors in series and parallel, 82 


Resistance box, 197 
Resolution of forces, 11 
Resonance tube, 146 
Rest point of balance, 210 
Retina of eye, 160 
Rheostat, 197 
Richardson’s equation, 127 
Rigidity, modulus of, 38 
table, 226 
Rules : 

for electricity laboratory, 65 
general, for laboratory, 6 

S 

Secondary circuit, 97, 100, 103 
Seebeck effect, 92 
Sensitivity: 

of analytical balance, 211 
of galvanometer, 84, 199, 201 
Series capacitances, 71 
Series impedances, 109 
Series resistances, 82 
Shear (rigidity) modulus, 38 
table, 226 

Shielding (screening), electrostatic, 67 
Shunt : 

ammeter, 204 
Ayrton, 201 
Significant figures, 5 
Simple harmonic motion, 28, 30, 37, 
114 

Simple machines, 35 
Simple pendulum, 28 
Sines {table), 216 
Slide- wire bridge, 80 
Slide wire potentiometer, 88 
Sling psychrometer, 63 
Sodium, spectral lines {table), 224 
Solenoid, 103, 140 
Sound, speed of: 
in air, 145, 226 
in metals, 149 
Space charge, 110, 132, 183 
Specific gravity, 41 
table, 221 

Specific heat, 58, 59, 74 
table, 223 

Spectral lines {table), 224 
Spectrometer, 167, 173, 177, 206 
Spectroscopic analysis, 177 
Spiral spring, 30 
Square- wave generator, 114 
Stage gain of amplifier, 117 
Standard candle, 178 
Standard cell, 89, 198 
Standard condenser, 70, 197 
Standard conditions for gases, 47, 226 
Standards, magnetic, 205 
Standing (stationary) waves, 142, 146, 
149 

Static, characteristics, vacuum tube, 110 
Steam point, 53 
Stephan-Boltzmann law, 129 
Strontium, spectral lines {table), 224 
Sublimation, 52, 93, 128 
Surface tension, 43, 226 
Swings, method of, in weighing, 210 
Switches, 199 

Symbols for electric circuit elements, 195 


INDEX 


232 

T 

Tables, -ilo 
Tangents (tabic), '217 
Telescope: 

astronomical, IG*? 
of galvanometer, "200 
of spectrometer, *206 
Temperature coefficient of gas, 54, '2^6 
Tetrode, 106 
Textbooks (/iVf), 187 
Thermionic emission, 110, 1'27, 13"2 
Thermocouple. 9‘2 
Thermoelectric emf, 9'2 
table, '2'25 

Thermoelectric power, 9-2 
Thermometer, gas, 5*2 
Thermometer, water equivalent of, 58, 
59, 75 

Thermometric properties, 53 

Time constant, 71, 116 

Timer, laboratorv, 194 

Torsion constant, 38 

Torsion pendulum, 37 

Transconductance of vacuum tube, 197 

Transfer characteristics. 111 

Transformer, 195, 198 

Transverse waves, 14'2 

Travelling microscope, 19'2 

Trigonometric fimctions (tables) ^ 215 

Triode, 110, 117, 122 

Tungsten filament, 127, 132, 228 

Tungsten lamp, 78 

Tuning fork, 146 


V 

Vacuum flask, 94 
Vacuum tube, 110, 196 
Vacuum-tube amplifier, 117, 122 
Vaeuum-tube circuit symbols, 196 
\acuum-tube equivalent circuit, 118 
Vacuum-tube voltmeter, 120 
Vapor pressure, 62 
table, 222 
Vector diagrams: 
in A.C. circuits, 107 
in force resolution, 10 
Velocity: 

of accelerated body, 16 
of a projectile, 20 
of light, 226 

of sound in air, 145, 149, 226 
of sound in metal rods, 149 
of wave along a wire, 142 
Velocity ratio in simple machines, 35 
Vernier, 189 
Vibrating wire, 142 
Virtual image, 157, 160 
Vitriol, 77 
Voltaic cells, 198 
Voltmeter, 78, 203 
Volume (bulk) modulus, 146 
table, 226 

W 

Water: 

boiling point, 53 
table, 223 

latent heat of fusion, 59, 226 



Water equivalent of thermometer, 58, 
59, 75 

Wattage (power), 33, 78, 106 
Wattmeter, 204 

Wave forms, electrical, 114, 212 
Wave motion, 142 
Wavelength: 
of light, 173 
of spectral lines, 76 
table, 224 
Waves: 

compressional, 145, 149 
cylindrical, 173 
plane, 173 
running, 142 
stationary, 142 
transverse, 142 
Weighing methods, 209 
Wet-bulb method, hygrometry, 63 
Wheatstone bridge, 80 
Wheel and axle, 36 
Wire, vibrating, 142 
Wiring of circuits, 65 
Work, 33 

Work function, 127, 184 
table, 

Wratten light filters (table), 227 

Y 

Young’s modulus (table), 226 

Z 

Zero, absolute, 54 
Zero error, 190, 192 
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